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The seawater intake 
system for the new 
headquarters of the 
Hongkong and 
Shanghai Banking 
Corporation 
Arch i tec t : F o s t e r A s s o c i a t e s 

Simon Murray 

Int roduct ion 
The new headquar te rs for the Hongkong 
and S h a n g h a i Bank ing Corpora t ion at 1 
Q u e e n ' s R o a d Cen t ra l , Hong Kong , needs 
no int roduct ion. Much h a s been wri t ten 
about the des ign of the bui lding wh ich wi l l 
rep lace one of Hong K o n g ' s most s igni f i 
cant l andmarks . At the t ime of wr i t ing the 
s t ruc ture h a s r isen a lmos t to the level of the 
sur rounding bui ld ings. 
T h e or ig inal headquar te rs w a s suppl ied 
with s e a w a t e r for both coo l ing and 
f lush ing. T h e s e a w a t e r w a s d rawn from an 
in take chamber built behind the s e a w a l l 
s o m e 400m from the bank. It w a s pumped to 
the s i te through two 400mm m a i n s laid in a 
t rench below the s u r f a c e of S t a t u e Squa re . 
When the t ime c a m e to redevelop the s i te it 
w a s hoped that a s imi la r s y s t e m cou ld be 
developed for the new bui ld ing. 
Ear l y in 1981 the p ro fess iona l t eam, led by 
the a rch i tec t F o s t e r A s s o c i a t e s , began to 
invest igate the feas ib i l i ty of supp ly ing 
s e a w a t e r to the new deve lopment . A var ie ty 
of so lu t ions were appra i sed s tar t ing wi th 
the renovat ion of the ex is t i ng s y s t e m . T h e 
s tudy conc luded that the opt imum solut ion 
w a s to lay the s e a w a t e r m a i n s in a tunnel 
e x c a v a t e d beneath S ta tue S q u a r e and to 

d is t r ibute the cap i ta l cos t of the w o r k s by 
shar ing the s y s t e m with other develop
ments . 
T h e proposal wh ich the arch i tec t put to the 
c l ient in December 1981 w a s to cons t ruc t a 
new in take and pumphouse c l o s e to the 
or ig inal ins ta l la t ion. The s e a w a t e r w a s to 
be car r ied to the new development in s i x 1m 
d iameter p ipes laid in a tunnel e x c a v a t e d at 
an average depth of 60m below S ta tue 
Squa re . The s y s t e m w a s des igned wi th a 
capac i t y of 4000 l /sec of wh ich approxi 
mate ly 3000 l /sec w a s intended for other 
deve lopments . T h e proposal w a s ac c ep ted 
and in J a n u a r y 1982 Ove Arup and Pa r tne rs 
(Hong Kong) were appointed to lead the pro
f ess iona l team in its implementat ion. 
T h e programme for the c o m m i s s i o n i n g of 
the ai r -condi t ioning equipment in the new 
headquar te rs bui lding required that s e a 
water be ava i lab le in Augus t 1984. T h i s 
gave the team a period of only 32 mon ths 
for the des ign , cons t ruc t ion and commis 
s ion ing of the s e a w a t e r s y s t e m . Fa i l u re to 
meet th is programme could de lay the 
opening of the bui lding. 
To reso lve the programme the cons t ruc t i on 
work w a s divided between two c o n t r a c t s . 
T h e f irst cont ract compr i sed the des ign and 
cons t ruc t ion of an a c c e s s sha f t ad jacen t to 
the s e a w a l l . It w a s awarded to B a c h y 
S o l e t a n c h e Group in May 1982 and , wh i le 
it w a s under cons t ruc t ion , the team 
proceeded with the des ign and documen
tat ion of the remainder of the s y s t e m . T h e 
managemen t cont rac tor invited four civi l 
eng ineer ing con t rac to rs to tender for the 
major cont rac t . In November 1982 it w a s 
awa rded to Aoki Cons t ruc t i on C o m p a n y 
L td . who sub-con t rac ted the m e c h a n i c a l 
and e lec t r i ca l wo rks to Haden In ternat ional 
L td . 

Shor t ly af ter the award of the main cont rac t 
it b e c a m e apparent that Hong K o n g ' s 
economy had p a s s e d i ts peak of e x p a n s i o n 
and had entered a dec l ine. T h e subsequen t 
l o s s in con f i dence in the property market 
had se r i ous c o n s e q u e n c e s for the project . 

It led to the w i thdrawa l of the other use rs of 
the s y s t e m who were to have taken 7 5 % of 
i ts capac i t y . Cons t ruc t i on w a s a l ready 
under way and the team car r ied out a swi f t 
eva luat ion of the opt ions ava i lab le to the 
c l ient . T h e cl ient e lec ted to proceed wi th 
the cons t ruc t ion of the full c iv i l eng ineer ing 
works but to insta l l wi th in them a s e a w a t e r 
s y s t e m with only su f f i c ien t capac i t y for the 
new bank headquar te rs . T h e s e a w a t e r pipe
work w a s to be conf ined to one half of the 
tunnel leaving the other half ava i lab le for 
the ins ta l la t ion of p ipework to se rve other 
s i t es a s and when they are deve loped. 
At the t ime of wri t ing the s e a w a t e r s y s t e m 
h a s been redes igned, the c iv i l eng ineer ing 
w o r k s are under cons t ruc t i on and the 
m e c h a n i c a l and e lec t r i ca l equipment is 
being ordered. 
The s e a w a t e r s y s t e m 
T h e a r rangement of the s e a w a t e r s y s t e m is 
s h o w n in out l ine in F i g . 1. A fundamenta l 
pr inc ip le of the des ign is that every p iece of 
plant and pipework in the s y s t e m is 
provided wi th a backup unit. T h i s e n s u r e s 
that the new bank headquar te rs c a n con
t inue to operate under al l cond i t ions . 
S e a w a t e r is d rawn f rom the harbour 
through a forebay unit set in the s e a w a l l . 
T h e water p a s s e s into the in take chamber 
located behind the s e a w a l l and thence into 
the two 900mm diameter in take p ipes w h i c h 
are c a s t into the rear of the chamber . T h i s 
s o m e w h a t e labora te in take des ign is 
n e c e s s a r y to overcome the fac t that at low 
t ide the water depth at the s e a w a l l is l e s s 
than 1m. 
T h e cent re of the s y s t e m is S h a f t No. 2 
wh i ch s e r v e s a s both a pumphouse and a 
m e a n s of a c c e s s to the tunne l . T h e two 
in take p ipes enter the sha f t 7m below 
ground level and turn through 90 degrees to 
form the two in take s t a c k s . T h e three 
ident ica l pump s e t s are connec ted be tween 
the in take s t a c k s and the del ivery s t a c k s at 
three s e p a r a t e f loor leve ls . F r o m the lowest 
level del ivery p ipes cont inue down the sha f t 
and into the tunne l . 

Book review 
Atr ium bui ld ings: 
development and des ign 
R i cha rd S a x o n 
Arch i tec tu ra l P r e s s 1983 

C o m m e n t s on the chap te r on fire sa fe ty 

Margaret Law 
Many people a l ready work or live in 
bui ld ings that overlook a conf ined s p a c e , 
wh i ch may be a l ightwel l . cour tyard , st reet 
or square . Why does p lac ing a roof over the 
s p a c e i nc rease the fire haza rd? A lan Parne l l 
and Gordon Bu tcher , the co-authors of the 
chap te rs on des ign for f ire sa fe ty in R i cha rd 
S a x o n ' s book, exp la in very c lear ly how 
smoke c a n a c c u m u l a t e and fill even a very 
large enc losed void and sp read into any sur
rounding open-s ided accommoda t i on . Many 
so lu t ions — essen t i a l l y a iming to prevent 
s m o k e enter ing the at r ium, or to let it enter 
and vent sa fe l y to the open air — are 
descr ibed in pr inc ip le and i l lust rated by 
c a s e s tud ies . What is es tab l i shed is that f ire 
sa fe ty des ign shou ld not be based on arbit
rary ru les: it must take into accoun t how the 
bui lding is used and the nature of the r i sks . 
Hav ing opened wi th a descr ip t ion of the 
cha l lenge of des ign ing fire sa fe ty for at r ium 
bui ld ings the chapter con t inues wi th a 
survey of the b a s i c pr inc ip les of m e a n s of 
e s c a p e . T h e normal ly a c c e p t e d t ravel 
d i s t a n c e s are quoted but their re levance to 
the type and s ize of s p a c e and the sort of 
people us ing the e s c a p e routes is not men

t ioned, wh i ch is surpr is ing from authors 
who, quite rightly, e m p h a s i z e the impor
tance of des ign accord ing to the cir
c u m s t a n c e s . 
S o m e product ion is care fu l ly descr ibed in 
te rms of air ent ra inment into the plume of 
hot g a s e s produced by a fire and the p h y s i c s 
of hot air movement. The ca lcu la t i on 
methods descr ibed do not take into accoun t 
the ac tua l cons t i tuen ts of the smoke , its tox
icity or v is ibi l i ty, but a s s u m e that any heated 
air is haza rdous and must therefore be con
trol led. 

Most of the d i s c u s s i o n is on smoke contro l , 
but some at tent ion is paid to control of inter
nal f ire sp read . It is pointed out that the r isk 
of floor-to-floor fire spread up the inner face 
of an enc losed atr ium is no di f ferent from 
that at the outer face of any bui lding. It is 
somewha t star t l ing to read that ver t ica l f ire 
sp read is more l ikely if the f loors fac ing the 
a t r ium are g lazed, rather than open. When 
f l ames from a fire on one floor break out into 
the atr ium they wil l tend to curve back to the 
floor above if g laz ing prevents air gett ing 
behind the f lame to project it forward. 
However the g laz ing, wh i le intact , con
s iderab ly reduces the radiat ion t ransmi t ted 
to the interior, and it cannot be a s s u m e d 
that it would a l w a y s be sa fe r to omit it. 
It is a little pess im i s t i c to s a y that no smoke 
control is poss ib le without str ic t and rapid 
f i re-s ize l imitat ion. For examp le , the pro
p o s a l s for cover ing over Bas i l don T o w n 
S q u a r e (see Architects' Journal 1.6.83, 
pp.42-53) are based on the a s s u m p t i o n that 
f ire s ize in a shop or o f f i ce is not l imited and 
g rows exponent ia l ly unti l contro l led by the 

f ire br igade. There are other large s p a c e s — 
ana logous to the covered ra i lway s ta t ion 
wh ich used to be f i l led wi th s t eam eng ines 
— wh ich would a l s o be reasonab ly s a f e for 
e s c a p e at ground level for s o m e t ime after 
the start of a fire even if it did sp read . 

In genera l , th is chapter g ives s teady-s ta te 
so lu t ions , wh i ch are l ikely to be cor rec t for 
the genera l range of a t r ium bui ld ings. 
However , the t rans ient so lu t ion is a l so of 
cons ide rab le interest , s i n c e it t a k e s into 
accoun t the t ime for a fire to grow to a cer
ta in s ize , how soon vis ibi l i ty wou ld be 
impaired and how long it would take to 
evacua te the s p a c e . T h e au tho rs ' smoke 
con t ro l m e t h o d s a s s u m e a sp r ink le r -
contro l led fire, of a probabi l i ty-based des ign 
s i ze . It is equal ly poss ib le to a s s u m e a 
probabi l i ty-based des ign s ize of a non-
spr ink lered fire. 

At present in th is country there is little 
agreement on what s i ze of f ire r isk we 
shou ld be des ign ing for in atr ium bu i ld ings, 
and what m e a s u r e s are appropr ia te to dea l 
wi th it. The only pub l ished code is the U S 
N F P A Code 1981 and, a l though the au thors 
are quite right to point out some of i ts 
de fec ts , we shou ld be work ing towards the 
product ion of a UK des ign guide w h i c h is 
even better. T h i s chapter shou ld cer ta in ly 
s t imu la te a rch i t ec t s and eng ineers to p ress 
for s u c h a guide, and even if that were i ts 
only e f fect it wou ld be va luab le . However , it 
wi l l a l s o be a usefu l tool to conv ince c l i en ts 
both here and o v e r s e a s of the necess i t y for 
good fire sa fe ty des ign , and wil l provide a 
sens ib le b a s i s for d i s c u s s i o n wi th the 
regulatory author i t ies . 

New Gateway House, Basingstoke 
An ar t ic le on th is Arup A s s o c i a t e s project wil l appear in a for thcoming i s s u e of The Arup Journal 
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A s t rong eng ineer ing entry looking for s o m e joy and a t t rac t ion - w h i c h shou ld be fo r thcoming, 
a s e s s e n t i a l l y the idea of moving around ins ide tubes ins ide a tank h a s po ten t ia l ! A very in teres t ing 
s tar t ing idea but pe rhaps the publ ic e n c l o s u r e shou ld not have been s o opaque, s o that one wou ld 
know one w a s under water . P e r h a p s the ' tube' shou ld have been moored under the S e i n e . 
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E x c e l l e n t g raph ic p resenta t ion - probably the best entry in th is respec t . T h e eng ineer ing concep t a p p e a r s 
c u m b e r s o m e and unga in ly , but very m u c h to h is credi t the ent rant h a s in the f ina l bui ld ing p roduced 
a n in tegrated p iece of des ign . Overa l l there is too m u c h of a p a c k a g i n g concep t , not very appropr ia te for 
a ma jo r E x p o pav i l ion . T h e bui ld ing cou ld never l ive up to the f a s c i n a t i o n of w a t c h i n g the e rec t ion in 
p r o g r e s s ! The re is s o m e conce rn that the ingenui ty of the erec t ion s y s t e m b e c o m e s 'mute ' once f i n i shed . 
P e r h a p s too the image is not su i tab le for a n exh ib i t ion of seve ra l h igh- tech c o m p a n i e s ; a little too M e c c a n o . 
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The upper half of the sha f t , wh ich h o u s e s 
al l of the plant, is 12m in d iameter and h a s 
an overal l depth of 40m. The top two levels 
in the sha f t are set a s i d e for t rans fo rmers , 
e lec t r i ca l sw i t chgear , vent i lat ion equip
ment and contro l equipment . 
The tunnel (F i g . 2) is the condui t for both 
the f low and return p ipework. In th is c l osed 
loop the requirement for full s tandby 
capac i t y is met through the use of three 
700m d iameter s e a w a t e r p ipes: one f low, 
one return and one spa re pipe wh ich can be 
f low or return. T h e three p ipes are car r ied 

350m a long the tunnel to a point in the 
ground 40m below the basemen t of the 
bui ld ing. The p ipes r ise into the basement 
through Sha f t No. 1. 
The return pipe fo l lows the s a m e route a s 
the f low pipe. At the top of Sha f t No. 2 the 
return p ipes are taken out through the sha f t 
wa l l and are car r ied in t rench to the old 
intake chamber wh i ch served the or iginal 
headquar te rs bui lding. T h e chamber is 
located in the S ta r Ferry c o n c o u r s e and is a 
conc re te box set behind the s e a w a l l . O n c e 
st r ipped of i ts ex is t ing pumps and pipework 

it prov ides a convenient out fa l l chamber . 
The out fa l l p ipes p a s s through the s e a w a l l 
wi th in the chamber and then d i scha rge into 
the s e a below the S ta r Fer ry Pier. 
A c c e s s for ma in tenance is a c r i t i ca l a s p e c t 
of the des ign of the s y s t e m . A c c e s s for 
personne l is by indust r ia l hoist wi th ca t -
ladders provided for emergenc ies . Ver t i ca l 
plant a c c e s s zones are provided in both 
s h a f t s and are connec ted by a hor izonta l 
a c c e s s zone in the tunne l giv ing an unre
s t r i c ted con t inuous s p a c e for the move
ment of plant and equipment . 



The b a s i c d imens ions and c h a r a c t e r i s t i c s 
of the s e a w a t e r s y s t e m are a s fo l lows: 

Intake temperature: 28° 

Out fa l l temperature: 34° 

F low rate: 1000 1/sec 

Cool ing capac i t y : 5500 tonne 
refr igerat ion 

S e a w a t e r p ipes: 700mm diameter 
c l a s s K9 duct i le 
iron p ipes wi th 
cement mortar 
l ining. 

S e a w a t e r pumps: Th ree 270 kW 
double volute 
cent r i fuga l pumps 
e a c h del iver ing 
500 l /sec at 350 k P a . 

T h e support of the s e a w a t e r p ipes 
T h e funct ion of the civi l eng ineer ing works 
is to provide s p a c e and support for the pipe
work and plant. The behav iour in se rv i ce of 
the pipework and plant is largely deter
mined by the manner in wh ich it is sup
ported. One of the f i rst e x e r c i s e s to be 
under taken in the des ign w a s the develop
ment of a method of suppor t ing the ver t ica l 
pipe s t a c k s in the two s h a f t s . 
T h e loads ac t ing on the s e a w a t e r p ipes 
or ig inate f rom the m a s s of the p ipes them
s e l v e s and from the th rus t s induced at 
bends and f i t t ings by the wate r p r e s s u r e s 
ac t ing ins ide the p ipes. In th is s y s t e m the 
weight of the pipes is ins ign i f icant in 
compar i son wi th the th rus ts under su rge 
cond i t ions . 

The des ign of the support s y s t e m w a s dict
a ted by ma in tenance p rocedures . The sup
port s y s t e m had to permit any length of 
pipe to be re leased and rep laced without 
a f fec t ing the rest of the s y s t e m . T h e s y s t e m 
wh ich evolved is shown in F ig . 3. T h e ver
t ica l pipe s t a c k s are div ided into d isc re te 
lengths by socke t jo ints immedia te ly above 
e a c h support floor. T h e length of pipe 
beneath the socke t is suppor ted in a s tee l 

co l lar wh ich is in turn car r ied on the s tee l 
f loor beams . Hydrau l i c j a c k s between the 
co l lar and the socke t a l low any length of 
pipe to be moved ver t ica l ly re lat ive to the 
rest of the s y s t e m . To rep lace a fitt ing 
wi th in the s t a c k one would re lease the 
f l anges either s ide of it and then j ack the 
s t a c k a w a y from it, a l lowing it to be 
removed. The new f i t t ing would be inserted 
by the reverse p r o c e s s . 
The ver t ica l f o r ces ac t ing in the pipe s t a c k s 
are car r ied into the s tee l f loor beams 
through the co l lar located immediate ly 
above the point of ac t ion of the force. The 
steel floor b e a m s span be tween re inforced 
concre te wa l ing b e a m s c a s t into the shaf t 
l in ings. I tems of plant s u c h a s pumps and 
surge v e s s e l s are suppor ted on seconda ry 
beams spann ing between the pr imary floor 
beams . 

Wi th in the tunnel the s e a w a t e r p ipes are 
suppor ted on s imp le s tee l f r ames bolted to 
the tunnel l ining (F ig . 4). T h e pipework in 
the tunnel is socke t jo inted at 5.5m inter
va l s and the f r a m e s are s p a c e d to lie 
immediate ly behind e a c h set of s o c k e t s . 
The f rames are t ied together wi th tie rods 
and tu rnbuck les to res is t the longi tudinal 
t h rus ts in the p ipes . 

P lann ing of the underground w o r k s 
The f irst s t age in the p lann ing of an under
ground excava t i on is to unders tand the 
geo log ica l or ig ins of the s t ra ta in wh ich it 
wi l l be built. Cen t ra l Dist r ic t of Hong Kong 
Is land is under la in by Hong Kong Gran i te 
w h i c h fo rms one large in t rus ion cent red in 
the harbour and e x p o s e d in the northern 
part of Hong Kong Is land , Kowloon and 
K w u n Tong. 
T h e tunnel a l ignment l ies below rec la imed 
land within the natura l harbour (F ig . 5). A s a 
result of i ts protect ion from the eros ive 
fo rce of the s e a , the rock in th is a rea is 
over la in by a cons ide rab le t h i c k n e s s of 
complete ly decomposed grani te ( C D G ) , The 
C D G is in turn over la in by recent mar ine 
sed imen ts and rec la im fi l l . In the rec la im fill 
the water table fo l lows the t ide. In the other 
s t ra ta the p iezometr ic leve ls are genera l ly 
at + 1.0 m P D . 

The general level of the tunnel w a s d ic tated 

by two fac to rs . T h e p resence of Cha te r 
S ta t i on , cons t ruc ted through the C D G to 
rockhead and running perpendicu lar to the 
hor izontal a l ignment of the tunnel , pre
c luded the use of a sha l l ow sof t ground 
tunne l . The relat ively short t ime ava i lab le 
for the cons t ruc t ion of the tunnel required 
that it be e x c a v a t e d by s imp le drill and 
b las t techn iques in rock wh ich required 
min ima l pr imary support . 
T h e approx imate ver t ica l a l ignment of the 
tunnel w a s def ined us ing in format ion f rom 
prel iminary s i te inves t iga t ions and geo
log ica l su rveys . When th is had been done a 
f inal s i te invest igat ion w a s car r ied out to 
def ine the prec ise ver t ica l a l ignment and to 
provide the re ference cond i t ions required 
for the management of the civ i l eng ineer ing 
cont rac t . In p lanning the f inal s i te inves
t igat ion the object w a s to obtain su f f i c ien t 
in format ion on rock m a s s qual i ty to a s s e s s 
the need for pr imary support a long the 
length of the tunnel . Seve ra l methods of 
rock m a s s c l a s s i f i c a t i o n were cons ide red 
and that f inal ly se lec ted w a s a s imp le 
s y s t e m based on the degree of weather ing 
of the rock m a s s . T h i s s y s t e m , wh i ch h a s 
been desc r ibed by Rux ton and Berry 
d iv ides the rock m a s s into zones b a s e d on 
its a p p e a r a n c e in e x p o s u r e s and co res and 
on a v i sua l a s s e s s m e n t of i ts engineer ing 
propert ies. 

T h e des ign of the hor izontal a l ignment of 
the tunnel (F ig . 2) w a s relat ively s imple . T h e 
ver t i ca l a l ignment w a s more comp l i ca ted 
and w a s essen t i a l l y an e x e r c i s e in ba lan
c ing severa l incompat ib le fac to rs to 
produce a tunnel wh i ch cou ld be cons t ruc 
ted by convent iona l m e a n s in the t ime ava i l 
ab le . Pe rhaps the s ing le most important 
fac tor w a s that the cont rac tor would have 
a c c e s s only from Sha f t No. 2. To s impl i fy 
ground water control dur ing cons t ruc t ion 
the a l ignment w a s graded towards Sha f t 
No. 2 a l though the gradient w a s l imited by 
the need to be able to operate veh i c les for 
the removal of muck from the excava t i on . 
The level of the tunnel w a s d ic ta ted by the 
pre l iminary support des ign and w a s 
genera l ly set to main ta in a 'cover ' of 6m of 
Zone D grani te over the c rown of the 
excava t i on . 
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F i g . 3 
T h e pipe support s y s t e m in the s h a f t s 
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F i g . 4 
The pipe support s y s t e m in the tunne ls 
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F i g . 5 
Geo log ica l sec t i on through the underground w o r k s 
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A gent le , non-str ident, nat iona l ly appropr ia te entry. T h e d raw ings do not f latter the s c h e m e . P e r h a p s the 
de l i ca te umbre l la s t ruc ture shou ld have been e m p h a s i z e d , or the umbre l l as cou ld have been sepa ra ted a 
l i t t le more rather than jus t bui ld ing up to a d e n s e b lock. Probably the heavy can t i lever f loors cou ld have been 
rep laced by a more s imp le lacy ' s t ruc tu re to con t i nue the t rans ien t cha rac te r . The tent s t ruc tu re 
might not open and shut eas i l y . T h e s c h e m e wou ld m a k e a modes t but d is t inc t i ve and co lour fu l pav i l ion. 
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A busy, f izz ing-wi th- ideas, s c h e m e . It is not of ten that des i gne rs cons ide r s u c h s imp le even ts a s bubb le -wa l l s , s m o k e - s c r e e n s , e tc . 
T h e e x c e l l e n t ini t ial entry w a s better than the f ina l work, w h i c h probably ran into t rouble w h e n the entrant tr ied to m a k e a 
bui ld ing form. He probably shou ld not have a t tempted to do th is , but jus t f i l led severa l more p a g e s wi th jo t t ings and non-bui ld ing 
i deas . Obv ious ly you cannot de l inea te adequa te ly s u c h an intangib le bu i ld ing ' - probably there shou ld have been a dep ic t ion 
of a ' f rozen moment ' . Wit ty and playfu l - every th ing oppos i te to The T a n k ' ; they wou ld m a k e a good comb ined entry. 
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t r a n s l u c e n t c ladding 
e v e r y w h e r e 

Very s e n s u o u s , romant i c and F r e n c h (or at leas t a s the F r e n c h are popular ly seen ) . 
In eng ineer ing te rms , there are unce r ta in t i es and con t rad ic t i ons ; the s t rength l i es in i ts 
s o f t n e s s , co lour , texture, form and , to s o m e extent , i ts s y m b o l i s m - and l e s s in i ts 
eng ineer ing . A very beaut i fu l p roposa l , the only reserva t ion being that the app le ' 
might not be perce ived at ground level - only from the E i f f e l Tower . B y far the most 
seduc t i ve of the en t r ies - and one mus t beware of th i s sort of seduc t i on . But the 
d raw ings convey a conv inc ing fee l ing for the c h a r a c t e r and potent ia l of th is s c h e m e . 
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At the p lanning s tage the need for secon
dary l in ings w a s a s s e s s e d and out l ine 
spec i f i ca t i ons were prepared for their 
des ign . A s the tunnel and shaf t e x c a v a t i o n s 
were des igned to be sel f -support ing the 
pr imary funct ion of the seconda ry l in ings 
w a s to contro l the f low of groundwater in
to the permanent works . Inves t iga t ions 
showed that the opt imum solut ion for both 
s h a f t s and tunnel w a s a c a s t in s i tu 
conc re te l ining cons t ruc ted af ter 
complet ion of the excava t i on . 
T h e f inal s t age in the p lanning of the under
ground works w a s to conf i rm that the 
s h a f t s and tunnel cou ld be cons t ruc ted in 
the t ime ava i lab le in the overal l programme. 
T h i s e x e r c i s e w a s car r ied out by the con
s t ruct ion managemen t consu l t an t s B u s h 
and Renn ie In ternat ional who prepared an 
ind icat ive cons t ruc t ion method s ta tement 
and programme. 

Des ign of Sha f t No. 2 
T h e des ign of the upper half of Sha f t No. 2 
w a s a geomet r ica l problem. The s i te w a s 
cons t ra ined on al l four s i d e s by ex is t i ng 
s e r v i c e s and the City Hal l Memoria l 
G a r d e n s ( F i g s . 6 and 7). C a l c u l a t i o n s had 
shown that if the d iaphragm wal l cou ld be 
cons t ruc ted in a c i rc le the ex terna l 
p r e s s u r e s from the soi l and water could be 
car r ied in ring compress ion wi th in the wal l 
sec t ion . If the layout of the sha f t deviated 
too far from a c i r c le it would be n e c e s s a r y 
to cons t ruc t hor izontal d i aph ragms wi th in 
the sha f t to support the wal l pane ls . 
Armed with the d imens ions of s tandard 
d iaphragm wal l g rabs , the des ign team set 
out to demons t ra te that it w a s feas ib le to 
cons t ruc t a c i rcu la r d iaphragm wal l wi th an 
internal d iameter of only 12.0m. Before long 
it w a s c lear that the solut ion would vary 
from cont ractor to cont ractor depending on 
the s ize of their equipment . T h e obv ious 
so lut ion w a s to invite con t rac to rs to submi t 
tenders for the des ign and cons t ruc t ion of 
the sha f t . 

T e n d e r s were invited on the b a s i s of geo
met r ica l l imi ts and a per fo rmance spec i f i 
ca t ion . T h e cont rac t w a s awarded to B a c h y 
S o l e t a n c h e Group who proposed a c i rcu la r 
sha f t cons t ruc ted from 1.2m th ick dia
phragm wal l pane l s (F ig . 7). T h e sha f t 
required no internal hor izontal suppor ts 
provided that it w a s cons t ruc ted a s a c i rc le . 
There w a s conce rn that if the d iaphragm 
wal l pane ls were not ver t ica l the hor izontal 
sec t ion at the b a s e of the sha f t cou ld 
deviate so far f rom a c i rc le a s to inval idate 
the assump t i on of pure ring c o m p r e s s i o n . 
T h i s led to a requirement that the wal l 
pane ls be cons t ruc ted to a ver t ica l 
to le rance of 1/160. 

Wa l ing b e a m s are required in Sha f t No. 2 
for the support of the s tee l floor beams . In 
addi t ion a t rans i t ion co l lar is provided at 
rockhead to reduce the d iameter of the 
sha f t to 8m. Both of these e lemen ts were 
des igned a s convent iona l re in forced 
concre te members connec ted to the 
d iaphragm wal l pane l s by re in forc ing bars 
bent out from the main c a g e s . 

Des ign of the tunne l l ining 
T h e pr imary funct ion of the tunnel l ining is 
to reduce to an ac c ep t ab le level the f low of 
water into the permanent wo rks . I ts sec 
ondary funct ion is to support the p ipes and 
other s e r v i c e s con ta ined wi th in it. 
T h e f irst s tage in the des ign of the tunnel 
sec t ion (F i g . 8) w a s to def ine the s p a c e 
required wi th in it. In the or ig inal s y s t e m the 
ar rangement of the seawa te r p ipes w a s dic
tated by the method of ins ta l l ing them. The 
managemen t cont rac tor adv ised the des ign 
team that if the p ipes were to be ins ta l led 
wi th in the t ime ava i lab le it w a s essen t i a l 
that they were s t a c k e d ei ther s ide of an 
unres t r ic ted a c c e s s way . 
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F i g . 7 
C o n s t r a i n t s on the locat ion of Sha f t No. 2 

3 b 0 1520 1520 3 S U 

% 00 
i 

i Horiz. • 

O ' - e 5 ! 0 
i 

\0\ m 

1. Space requirement for 2. Tender design 
the original system 

C P 

Q 1 Space i Horiz. 
for cess | / ~ \ 

ace i l^s • 
other space i 

... users 
r o 

o 

3. Contractor's alternative 4. Final design 
circular lining 

F i g . 8 
T h e development of the tunnel l ining 
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F i g . 9 
Sha f t No 2: Concre t ing a d iaphragm wal l panel 

F i g . 10 
Sha f t No 2: Cons t ruc t i on of a wa l ing beam 

F i g . 11 

Sha f t No 2: The start of excava t i on 

F i g . 12 

Sha f t No 2: T h e upper sec t i on 

F i g . 13 

E x c a v a t i o n of a top head ing in the tunnel ' ; d 

F i g . 14 
Dri l l ing charge ho les wi th an air leg dril l 
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At the des ign s tage severa l a l ternat ive 
tunnel s e c t i o n s were inves t iga ted . The 
ob ject ive w a s to des ign a l ining sec t i on 
w h i c h con ta ined the min imum vo lume of ex
cava t i on , required little or no re in forcement 
and provided the cont rac tor wi th a f lat 
invert in the excava t i on to act a s a roadway 
dur ing cons t ruc t ion . T h e tender des ign (F ig . 
8) w a s a ho rseshoe sec t ion wi th re in forced 
invert s l ab and an unre in forced a r ch . 
Hav ing been awarded the sub-con t rac t the 
con t rac to r proposed that the tunnel l ining 
be changed to an unre in forced c i r cu la r sec 
t ion. T h e cont rac tor cons ide red that the 
i n c r e a s e in the vo lumes of e x c a v a t i o n and 
conc re te were more than ba lanced by the 
e l iminat ion of the re in forcement in the 
invert s lab . The con t rac to r ' s p roposa l w a s 
eva lua ted and h a s been adopted. T h e lay
out of the s e r v i c e s within the tunnel h a s 
been redes igned for the reduced mech
a n i c a l s y s t e m . 

T h e cons t ruc t i on of Sha f t No. 2 
T h e cons t ruc t ion of the d iaphragm wa l l for 
the upper half of Sha f t No. 2 c o m m e n c e d in 
May 1982 and w a s comple ted in Feb rua ry 
1983. It w a s a rout ine e x e r c i s e in d iaph ragm 
wa l l cons t ruc t i on , s tar t ing wi th the dr i l l ing 
of prebores to def ine the f inal depth of e a c h 
panel and ending wi th the e x c a v a t i o n and 
concre t ing of the f ina l panel . 
T h e key to the s a f e cons t ruc t ion of dia
phragm w a l l s in sens i t i ve a r e a s is an 
e f fec t i ve s y s t e m of monitor ing and a n a 
lyzing the response of the ground to the 
e x c a v a t i o n of e a c h panel . At Sha f t No. 2 the 
e x c e s s head of bentoni te wi th in the panel 
being e x c a v a t e d w a s ma in ta ined by de-

water ing from we l l s ins ide the sha f t . 
P iezomete rs were ins ta l led in the C D G 
around the wal l pane ls to ensu re that the 
head w a s main ta ined wi thout e x c e s s i v e 
d rawdown. Inc l inometers were ins ta l led 
ad jacen t to cr i t ica l pane ls to monitor the 
lateral movement of the ground dur ing 
panel excava t i on . 
T h e monitor ing of ground s u r f a c e sett le
ment points showed that dur ing the con
cret ing of the pr imary pane ls the ground 
nearby set t led by up to 75mm. Invest igat ion 
showed that th is w a s c a u s e d by the re
moval of the 40m long stop-end tubes a s 
the conc re te w a s poured. (F i g . 9). T h e j a c k s 
used to lift the tubes were exer t ing very 
large reac t ions on the guide w a l l s and 
ef fec t ive ly j ack ing them into the ground. 
O n c e recogn ized, the problem w a s so lved 
by care fu l contro l of the j ack ing operat ion. 

On comple t ion of the d iaphragm wa l l 
pane ls , the toe of the wa l l w a s grouted 
through tubes c a s t into the pane ls and 
boreho les dri l led around the ou ts ide of the 
wa l l . T h e object of th is e x e r c i s e w a s to 
c rea te a sea l between the bottom of the 
wal l and the under ly ing bedrock. A pump 
test w a s car r ied out to con f i rm that the 
comple ted wal l met the requ i rements of the 
per fo rmance spec i f i ca t i on and al l w a s then 
ready for the sha f t to be e x c a v a t e d . 
The e x c a v a t i o n of the sha f t w a s an exc i t ing 
t ime on s i te . For the f i rst t ime the team 
cou ld s e e the s t ra ta w h i c h hi therto had 
been obscu red with bentoni te. The e x c a v a 
t ion c o m m e n c e d with the break ing out of 
the inner guide wa l l ( F i g . 10). A hydrau l i c 
excava to r w a s then p laced in the sha f t to 

dig the soi l and load it into s k i p s to be l i f ted 
to the su r f ace . A s e a c h wa l ing beam level 
w a s reached the excava t i on w a s tem
porari ly ha l ted, the connec t ing reinforce
ment bent out from the d iaphragm wa l l and 
the wa l ing beam c a s t (F ig . 11). 

Af ter 12 w e e k s of excava t i on the toes of the 
d iaphragm wa l l pane ls were f inal ly 
reached . T h e e x p o s e d rock s u r f a c e w a s 
c l eaned and a large concre te co l la r formed 
on it to def ine the t rans i t ion to the lower 
half of the sha f t . The upper half of Sha f t No. 
2 w a s comple te (F ig . 12). 

The cons t ruc t ion of the tunnel 
Aoki Cons t ruc t i on C o m p a n y L td . moved 
onto s i te in February 1983. The i r f irst t ask 
w a s to es tab l i sh the s i te in f ras t ruc tu re 
n e c e s s a r y for the shaf t s ink ing and tunnel
ling works (F i g . 6). T h e key to the p lanning 
of the in f ras t ruc ture w a s the method of 
removing broken rock from the under
ground works . T h e sub-cont rac tor ins ta l led 
a sk ip s y s t e m in Sha f t No. 2. T h e sk ip is 
ho is ted on guide ra i ls by a w i n c h housed in 
a headgear at the top of the sha f t . T h e sk ip 
d i s c h a r g e s into a holding bin at s u r f a c e . 
F rom the bin the rock is car r ied by conveyor 
to a barge moored ad jacen t to the s i te . 

The lower sec t i on of Sha f t No. 2 w a s sunk 
by dril l and b las t t echn iques to i ts f ina l 
depth of 80m. Shot ho les were dri l led wi th 
hand-operated air leg dr i l ls . Af ter the b last 
the muck w a s loaded into the sk ip wi th a 
s m a l l hydrau l ic excava to r . 

W h e n the excava t i on reached the sha f t 
invert a 20m length of tunnel w a s dr iven to 
c rea te s p a c e for the es tab l i shmen t of the 
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Arup Ideas 
Competition 

Fi rs t pr ize: 
'The Red Ba l l oon ' 
A las ta i r Hughes 

In Apri l th is year an Ideas Compet i t ion , 
thought up by S tuar t R i cha rdson of 
Bui ld ing Eng ineer ing Group 2, w a s held 
wi th over £1,000 prize money on of fer for 
des igns for the most or ig inal pavi l ion at 
E x p o ' 89 in P a r i s . (Th i s w a s before the Expo 
w a s cance l led . ) The re were 83 ent r ies , from 
wh ich 11 were c h o s e n at the prel iminary 
judging s tage in J u n e to go forward to the 
second s tage , when the s u c c e s s f u l ones 

were required to develop their ideas on a 
m a x i m u m of three s h e e t s of A1 paper. T h e 
compet i t ion c losed on 1 Augus t , when the 
en t r ies were given to two a rch i tec ts , Te r r y 
Far re l l and Tom Heneghan who ac ted a s 
guest judges . Their dec i s i on c a m e within a 
few d a y s and in late Sep tember the w inn ing 
d e s i g n s were put on d isp lay . 
T h e top s ix are featured here, together w i th 
the j udges ' commen ts . 
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E S T I M A T E D T T B E 6 0 M^ WHtCH 
L f A v e S A P A Y L C A D O F CVETR 
<OC M g U U D € R l i A M T 
C o w t > i - n o w s , w r m A G E N E R O U S 

FACTOR, C F ^ A F E T V V E R S U S . 

T H E L I M t T S T A - r e O F G E N T L E 
D E S C E N T IKJ C T H C « u a r « o < , 

H U N D R E D S O F O B S E R V E R S r * * o 
B F A f f C M M r D A T t B OKi T H E 

( j rOKDCL A 

• i I N D E N i ^ l f J E E r lNi(S; 

THF M W f l * A * C S ' H A V E 
S E V E R A L FV MOT i OM S 

fT; HMtr OF T H E S O O L P T L - G A L 

C O N C E P T I O N 

8 ) F E E P I M C , RAiKi O F F T H E 

S P E C T A T O R S 
V A MAMT FCOJEOTTOM SCRCVXi 
ft; THTV C A N B R ' B E T ' T D 

^ L « ^ T T R W * T > DRAtf, 
F t C C E S OK T H t AefsoST-CTS, 

R E D A e R o S J T A T C A * j B C . r U e i t e D 
>JEST WlTMlN T H E . » L W t O ^ ' S I F 

WiWD S P C T O S E X C C E i D *ZO ^ ' t 
T H A S I S U N U t f l T TT R f 

c E S f A t t D u » i M C , THE" 
e > P o s t - n o f j P E R i r D 

TC fcEVtLfP, P « O V « A*4D 
TO Ml THE U M Q V F ' A f T lV« 
W<WB « ^ i ^ i l • J • e » J » l ^ ; , STSTTM 
A M A t F * C * L * M O D E L W I L L 

• B C O N S T R U C T E D , FILLEO 
ir-''TM HYTJ*OCE*. V. M».'*.*Al<U 
THE C O « « E C T R l LATlCNSHiP> 
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ENCH T X S * L * O P FLAÂ  W i l t R A I S E A U S E F U L 
CONTR » u T I O N TB THE C«T OF T H E P R D o R C T 

A s imp le idea , the s imp l i c i t y of w h i c h would t r ans la te into real i ty. Very we l l p resen ted , both at the b a s i c c o m m u n i c a t i o n 
level and g raph ica l l y (without resor t ing to ex t raord inary d raugh tsmansh ip ) ; the key no t ions are very e f fec t ive ly e x p l a i n e d . 
T h e bui ld ing wou ld be s o s imp le and memorab le (and beaut i fu l ) . Br i l l ian t ly r eso l ves the ques t ion of future u s e under the 
paragraph 'Quant i ty Su rvey ing ' - a head ing so resound ing ly dul l and inappropr ia te that it drew the eye immedia te ly . 
Eng ineer ing p r o w e s s is a l s o demons t ra ted in th is entry, but not at the e x p e n s e of popular imagery . The idea of mak ing 
f l ags from the ba l loons a p p e a l s eno rmous l y - a s the huge red symbo l wou ld af ter the event be d is t r ibuted through the country. 
A very s y m b o l i c ges ture , a s indeed the who le concep t i s s t rong symbo l i ca l l y and very appropr ia te for an in ternat iona l E x p o . 
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F i g . 17 
L H D and muck sk ip • 

at the b a s e of Sha f t No 2 
-
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F i g . 15 
(Photos : 9-12, S imon Murray. B las t i ng pattern for tunnel excava t ion 
13-14, A lan Kemp. 16, War ren Beynon) 

""jj 

F i g . 16 
Drill j u m b o s in the tunnel 

F i g . 18 
The tunnel excava t i on 

sub-con t rac to r ' s underground plant. T h i s 
length of tunnel w a s e x c a v a t e d in two 
s t a g e s . F i rs t a top heading w a s e x c a v a t e d 
in the upper half of the tunnel sec t ion (F i g . 
13). T h e bench in the lower half of the 
sec t ion w a s then removed. 
T h e ma in tunnel excava t i on is being car r ied 
out by dri l l ing and b las t ing full f ace . E a c h 
c y c l e of excava t i on c o m m e n c e s wi th the 
set t ing out on the face of the pattern of 125 
cha rge ho les (F ig . 15). T h e ar rangement of 
ho les , the cha rge in e a c h and the s e q u e n c e 
of detonat ion is des igned to remove and 
f ragment the required amount of rock wi th 
the m in imum of overbreak. The sequenc ing 
of de tona t ions us ing s tandard d e l a y s 
e n s u r e s that the energy t ransmi t ted into 
the ground is sp read over a period of 
severa l s e c o n d s , thereby min imiz ing the 
v ibrat ion levels expe r ienced at ground 
s u r f a c e . 

The cha rge ho les are dri l led wi th two three-
boom jumbos (F i g . 16). T h e s e m a c h i n e s are 
t racked p la t forms on wh ich are mounted 
three hydrau l ica l ly -pos i t ioned dr i l ls . T h e 
p la t fo rms are large enough to a l low the 
dr i l ls to reach al l par ts of the f ace . T h e dr i l ls 
t hemse l ves are cons ide rab ly more powerfu l 
than the a l ternat ive hand-operated dr i l ls 
and c a n ach ieve much fas te r dri l l ing ra tes . 

Af ter the ho les have been charged and the 
round f ired, the f ace is vent i la ted to remove 
res idua l g a s e s . A c c e s s c a n then be ga ined 
for barr ing down loose rock to make s a f e 
the a r e a around the muck pile. Muck ing out 
is being done wi th an L H D (F ig . 17). T h i s 
rubber-tyred excava to r loads the broken 
rock and t ranspor ts it to a temporary s tock

pile at the b a s e of the sha f t . A c rawler 
loader t r ans fe rs the rock f rom the s tockp i le 
into the sk ip for hois t ing to s u r f a c e . 
To date the pr imary support in the tunnel 
excava t i on h a s been l imited to o c c a s i o n a l 
rock bol ts required to s tab i l i ze individual 
rock w e d g e s . S tee l s e t s a re kept on s i te in 
c a s e they are needed for the support of 
loca l ized z o n e s of highly wea the red rock. 
In the excava t i on of a tunnel in t hese con
d i t ions it is important to invest igate the 
ground a h e a d of the face to detect poten
t ial haza rds before they a re exposed . At 
approx imate ly week ly in terva ls three 
hor izontal probe ho les are dr i l led a depth of 
20m into the f ace . The ra tes of penetrat ion 
of the dril l b i ts a re m e a s u r e d a s a 
compara t i ve ind icat ion of the s t rength of 
the rock m a s s . T h e ra tes of f low of water 
out of the probe ho les are a l s o recorded. 
Where s ign i f i can t f l ows of water are en
countered, the ground a h e a d of the f ace is 
grouted before being e x c a v a t e d . 

Fu tu re work 
At the t ime of wr i t ing, the tunnel f ace is 
150m from S h a f t No. 2. A further 205m of 
tunnel remain to be e x c a v a t e d . It is in
tended that the b a s i c method of excava t i on 
wi l l be unchanged a l though the muck ing 
opera t ions wi l l be a f fec ted by the 
i nc reas ing hau lage d i s t a n c e s and s teeper 
g rad ien ts a s the excava t i on a p p r o a c h e s 
Sha f t No. 1. 
Sha f t No. 1 is p lanned to be e x c a v a t e d in 
two opera t ions . T h e sub-cont rac tor respon
s ib le for the cons t ruc t ion of the basemen t 
wi l l s ink the sha f t to a depth of about 15m 
below basemen t level. The sub-cont rac tor 

for the s e a w a t e r s y s t e m wil l then ra i se the 
remain ing 20m of sha f t f rom the tunnel . T h e 
relat ively sma l l height of the ra i se pre
c l udes the use of soph i s t i ca ted boring 
equ ipment . It is probable that the ra i se wi l l 
be execu ted by drill and b last us ing a 
s imp le c l imbing s tage for a c c e s s . 
On comple t ion of the excava t i on the s h a f t s 
and tunnel wi l l be l ined wi th c a s t in s i tu 
conc re te l in ings and the m e c h a n i c a l and 
e lec t r i ca l w o r k s wi l l be ins ta l led . T h e 
s y s t e m is programmed to be comple ted in 
Sep tember 1984. 

A c k n o w l e d g e m e n t s 
Doug las P a r k e s for h is adv i ce and a s s i s 
t ance in the p lanning of the underground 
works . 

Neil Fa r r i n , Merete H e n r i c h s e n , O Y K w a n , 
C h r i s Nunns , C a n Wong and W P Y e u n g for 
their cont r ibu t ions to the preparat ion of 
th is paper. 
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Architect: 
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Su f i - con r rac fo rs : 
B a c h y S o l e t a n c h e Group 
Aoki Cons t ruc t i on C o m p a n y L td . 
Haden In ternat ional L td . 
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Seminar on wind effects on buildings 
These two papers by David Croft and Michael Willford formed part of the above Ove Arup Partnership seminar, held in London in May 1983 

Surface pressures 
David Croft 
S Y N O P S I S 
In th is paper the genera l pat tern of w ind f low around bui ld ings is 
d i s c u s s e d briefly and s o m e of the d i f f i cu l t ies wi th the use of 
p ressu re coe f f i c i en ts ident i f ied. 
Most of the paper, however, is concerned wi th wind tunnel 
tes t ing, in par t icu lar the need to spec i f y the test properly and to 
interpret the resu l t s cor rect ly , if meaningfu l des ign va lues are to 
be obta ined. To th is end s o m e s ta t i s t i ca l theory is presented. 
During the las t year a number of wind tunnel t e s t s have been 
car r ied out for var ious par ts of the f i rm. One s u c h test is 
descr ibed in detai l and is used to i l lust rate the va r ious s ta t i s t i ca l 
concep ts . 

The t reatment of internal p r e s s u r e s is d i s c u s s e d , somewha t 
inconc lus ive ly , and the va r ious other a s p e c t s that shou ld be 
cons idered when determin ing des ign p r e s s u r e s are ident i f ied. 
It shou ld be noted that the paper is b a s e d pr imar i ly on exper ience 
gained on high r ise bui ld ings and may not be direct ly app l i cab le 
ei ther to s h e d s and other low r ise s t ruc tu res or to tal l m a s t s and 
towers . 

W IND F L O W A R O U N D B U I L D I N G S 
For a genera l t reatment of wind e f f e c t s on bui ld ings, L a w s o n 1 is 
recommended. 
F ig . 1 s h o w s typ ica l f low pat terns around three di f ferent s h a p e s 
of body. 
With a s t reaml ined body the f low rema ins a t t ached ' over the 
whole s u r f a c e and posi t ive and negat ive p r e s s u r e s occur a s 
shown . 

S t r e a m l i n e d b o d y C i r c u l o r b lu f f b o d y 

R e c t a n g u l o r b l u f f b o d y 

P r e s s u r e d i s t r i b u t i o n 

o n s e c t i o n o b c 

With the c i rcu la r shape the f low is a t tached on the w indward f a c e 
but s e p a r a t e s ' at some point around the su r f ace . In the a t tached 
regime both posi t ive and negat ive p r e s s u r e s occur ; in the a rea of 
separa ted f low the p r e s s u r e s are general ly negat ive only. 
The point at wh i ch the f low s e p a r a t e s is dependent on the 
Reyno lds Number (def ined a s R e = DV/v where D is the d iameter , 
V the veloci ty and v the v i scos i t y ) , the s u r f a c e roughness and to a 
lesse r extent the level of tu rbu lence. 

The wind f low around a bluff body s u c h a s a bui lding is somewha t 
more comp lex . On the w indward face , above the ' s tagna t ion 
point ' wh ich is normal ly about § of the way up, the f low tu rns 
upwards over the top of the bui lding. Be low the s tagna t ion point 
the air p a s s e s d o w n w a r d s a s shown . T o w a r d s e a c h front edge the 
wind p a s s e s hor izontal ly around the s i des . 
T h e f low is usua l l y a t tached on the w indward f ace and sepa ra ted 
on the leeward face . On the s ide f a c e s it wil l depend on the ang le 
of inc idence ; wi th the w ind normal to one face , the f low on both 
s i des wil l be separa ted , a l though if the d imens ion in the d i rect ion 
of the wind is large the f low may ' reat tach ' . 

Wi th the wind on one corner the flow wi l l genera l ly be a t tached on 
two f a c e s and separa ted on the other two. 
The above commen ts apply main ly to smooth f low. Turbulent f low 
in t roduces f luc tua t ions a s i l lust rated d iag rammat ica l l y in F i g . 2 
and depending on the degree of turbu lence, sma l l negat ive gust 
p e a k s may occur on the w indward f a c e and posi t ive peaks on the 
leeward f ace a l though the mean v a l u e s wil l genera l ly fol low the 
above pattern. 

P R E S S U R E C O E F F I C I E N T S 
The p ressu re at a point on the s u r f a c e of a bui lding sub jec ted to 
wind act ion c a n be e x p r e s s e d a s fo l lows: 

P ='/2pV2Cp (1) 
where p is the dens i ty of air 

V is the w indspeed 
C p i s the p ressure coef f i c ien t . 

The dens i ty of air in the s tandard a tmosphere condi t ion (101.3kPa 
and 15°C) is 1.225kg/m 3 and CP3: Chapter Vis based on th is . 
The Aus t ra l i an and South A f r i can C o d e s are b a s e d on an ambient 
temperature of 20°C giving a 2 % reduct ion in dens i ty . The dens i ty 
of air in the C a n a d i a n Code co r responds to a temperature of 0°C, 
an i nc rease of 6 % in dens i ty . 
The South A f r i can Code a l s o a l l ows a reduct ion in dens i ty w i th 
al t i tude a s fo l lows: 

Height above s e a level (m) F a c t o r 

500 0.93 
1000 0.88 
1500 0.83 
2000 0.78 

The va r ious wind codes def ine how Equa t ion (1) is to be appl ied 
a l though not al l codes apply it in the s a m e way . T h e s i tuat ion is 
somewha t more comp l i ca ted when resu l t s of w ind tunnel t e s t s 
are cons ide red , a s di f ferent laborator ies def ine p ressu re 

F i g . 1 
Typ i ca l w ind f low pat terns 

F i g . 2 
D iag rammat i c t race of var ia t ion 
of p ressu re wi th t ime 

l 0 second vtervals 
I 11 » ' •'"'» 

10 second tfiter vals 

1 mmule f armoscneie - 0 6 0 seconds in wind tunnel -

Moment about y -ax i s M y B ( t ) = J " w x z d z 
0 

Torque " S B " ) 

(12) 

(13) 

0 

Mean, R M S and P S D va lues are measu red . In prac t ice they are 
measu red in model s c a l e uni ts but c a n then be factored up to full 
s c a l e va lues , and it is the latter that are referred to here. 
Usua l l y most of the contr ibut ion of the response of a tal l bui lding 
c o m e s from the three fundamenta l , ' f i rst ' modes . E a c h fundamen
tal mode may conta in x, y and 9 componen ts in its mode s h a p e (if 
coupl ing is present) and for e a c h s u c h mode the genera l ized force 
c a n be es t ima ted by a s s u m i n g a l inear form for the x and y com
ponents and a cons tan t va lue for the 9 component , i.e., 

Mx M V = 
(14) 

H r i H "9 9 
where a x , a y , a ^ are the va lues of » J x , ny. M9 respect ive ly at z = H . 

Subst i tu t ing in Equa t ion (1) 

H H H 

Fj(t) = ^ f w x z d z + ^ J w y z d z + ae J T C J ; 

3

H

X M y B ( ' ) + J M x B < ! > + a 9 M 8 B « ) (15) 

The mean , R M S and P S D va lues of F c a n thus be e x p r e s s e d in 
te rms of the mean , R M S and P S D v a l u e s of the base ba lance 
read ings. The mean va lue is given by: 

F i = H M y B + H M x B + a 8 M 8 B ( 1 6 > 

It is usua l ly found that there is little corre lat ion between the three 
componen ts , s o that the R M S of F is given by: 

0 2 = / a x f 0 2 + ( 3 y f „ 2 + a V 2 „ 
F j \ H ' M y B \ H ' M x B ° M9B 

For the power spec t ra l dens i ty , noting that 

(17) 

J s F j ( n ) d n = o 2

F . J S M x B ( n ) d n = o 2

M x B e tc 

0 0 

and subst i tu t ing in Equat ion (17) then 

0 0 a 2
 0 0 a 2 0 0 

J S p j l r O d n = ( H * ) J S M y B (n)dn + ( ?) J " s M x B ( n ) d n 
0 0 0 

2 7 
+ a9jsneB(n>dn 

0 

f rom wh ich it fo l lows 

SFj(n) =(a

H

X)2SMyB(") + (a f̂sMxB<n> + aeSMflB(n> (18) 

Node d i s p l a c e m e n t s 
Hav ing ca l cu la ted the genera l ized d i s p l a c e m e n t s for e a c h mode, 
the d i s p l a c e m e n t s of individual nodes c a n be found. 
The i ns tan taneous d i sp lacemen t of a given node cor respond ing to 
mode j is given by: 

x j ( t ) = A j ( t ) v X j i 
y j (t) = A j ( t ) ^ y j I (19) 
e j <t) = A j <t> ipoj ) 

Here the mode s h a p e n> re la tes to the node under cons idera t ion a s 
opposed to that of the force origin u. 1 ^ is re lated to H at the s a m e 
level by an or thogonal t rans format ion . 
Combin ing the cont r ibut ions from all modes the mean va lues are 
then given by 

x " = £ ( A j V , x j ) 1 

y = 2 ( A > y j > [ (20) 
e = 2 ( A j ^ 9 j ) ) 

where the summat ion is for al l modes cons ide red . The R M S def lec
t ions are given by 

v O £ < ° A B j V x j > 2 + 2 < ° A R j v x | ) 2 l 

+ 2 ( ° A R j v y i ) 2 l 
(21) 

^ ( g R O A R j ^ y , ) 2 ) 

(22) 

> r x i : 
° y = V l 2 < ° A B j V y j 

etc 

Equa t i ons (21) imply zero corre lat ion between the background and 
resonant response and a l s o between the di f ferent modes. T h i s is 
normal ly found to be a reasonab le assump t i on . 
The expec ted m a x i m u m (or peak) va lues are given by 

* m a x = * + v r i 2 ( g B o A B j v x j ) 2 + S ( g R o A F 

y m a x = y + v r l 2 ( g B o A B j V y j ) 2 

etc. 

The peak fac to rs g B a n d g R for the background and resonant c o m 
ponents are given by 

0.577 
g = v r ( 2 l o g e , T ) + v r ( 2 | o g e i ) T ) 

where v is the cyc le f requency and T is the length of t ime con
s idered (usual ly one hour, i.e. 3600 s e e s ) . 
For the resonant component , v is taken a s the f requency n j of the 
mode cons idered wh ich leads to va lues of g R in the range 3.5-4.5. 
For the background component , v is given theoret ica l ly by 

(23) 

J " n 2 S F j ( n ) d n (24) 

S F j ( n ) d n 

but is usua l ly taken a s a cons tan t 3.5 wh ich is a typ ica l average 
va lue given by Equat ion (24). 

Node acce le ra t i ons 
T h e mean va lues of al l the acce le ra t i ons wi l l , of cou rse , be zero. 
The R M S acce le ra t ion of a node c a n be obta ined from the resonant 
genera l ized d i sp lacement R M S thus 

° x = v r l 2 C A R j ^ x j 4 i T 2 n 2 ) 2 | ( 2 5 ) 

etc. 

The expec ted m a x i m u m va lues are then 
* m a x = v r l S ( g R o A R j V x j 4 " 2 n j 2 » 2 l (26) 

"° P R X = CM] ~°x" 

° P R Y ° y 

_°PR9. 

where gpj is a s def ined in sec t ion above on node d i sp l acemen ts . 

Node inert ia fo rces 
The R M S inert ia fo rces c a u s e d by the acce le ra t ion of the s t ruc tu re 
can be found from the node acce le ra t i ons thus 

(27) 

where the acce le ra t i ons are eva lua ted us ing Equa t i ons (25) and the 
mode s h a p e s ^ of the re fe rence a x i s , and I M I is the m a s s matr ix a s 
used in Equat ion (3). 

B a s e s h e a r s and momen ts 
The b a s e fo rces and momen ts in e a c h mode wi l l a l so be made up of 
mean , background and resonant componen ts . T h e mean and 
background componen ts are given direct ly by the b a l a n c e 
measu remen ts . The resonant componen ts c a n be s imply ob ta ined 
by summing the inert ia fo rces given by Equat ion (27) up the 
bui lding for each node in turn. The R M S resonant b a s e s h e a r s and 
moments for mode j a re then given (for a lumped m a s s model) by 

0 F x R j 

° F y R j 

° M x R j 

° M y R j 
0 M 8 R j 

= ( 2 T t n j ) 2 o A R j 2 [ M ] 

(28) 

where I M I and z are the m a s s matr ix and height of a lumped m a s s 
and the summat ion is for al l the lumped m a s s e s . 
T h e R M S va lues are then given by equa t i ons of the form 

F x ° 2 F x B + £ < ° 2 F x R j > (29) 

where the summat ion is for al l modes . 
T h e expec ted m a x i m u m v a l u e s are s imi lar ly given by 

F x m a x = F x B + v r K g B ° F x B > 2 + 2 ( 9 R O F x R i ' 2 1 

where g B and g R are a s def ined in the sec t ion on node 
d i sp lacemen ts . 

(30) 



Mode shape at a par t icu lar node not on re ference a x i s 

x Component i p X j i f / x 

y Component i / j y j i^y 

6 Component i^9j 1+19 

V a l u e s of \t at z = H 
x Component 
y Component 
6 Component 

a x j 
a y j 
a6 j 

a x 

a y 

a 8 

Mass /un i t height m(z) m 

Rotat iona l inert ia/unit height me (z) me 

Wind load/unit height 

x Component 

y Component 

9 Component 

w x ( z , t ) 

w y ( z , t ) 

T (Z . t ) 

w x 

T 

Genera l i zed M a s s in mode j 

Genera l i zed S t i f f n e s s in mode j K ) 

Backg round gust factor 9B 

Resonan t gust factor S R 

Cr i t i ca l damping rat io i 

C y c l e f requency V 

T h e fo l lowing quant i t ies wh i ch vary wi th t ime are t reated in terms 
of mean , R M S and power spec t ra l dens i ty va lues . 

Inst. Va lue 
at t ime t 

Mean R M S P S D 
at f req. n 

Genera l i zed F o r c e F j ( t ) ° F j S F ) mi 

B a s e ba lance fo rces : 

F o r c e in x-dirn FxB<*> F x B ° F x B s F x B ( n > 

Fo rce in y-dirn F y B W F y B 0 F y B S F y B < n > 

Moment about x -ax i s M x B ( t ) M x B ° M x B S f V l x B ( n ) 

Moment about y -ax i s M y B ( 0 M y B ° M y B s M y B > n > 

Torque M8B«> M 9 B ° M 8 B S M 9 B < n ) 

Genera l i zed d isp lace
ment in mode j 

A j ( t ) 

» { 
° A B J 
° A R J 

(background) 
( resonant) 

X-d isp lacement in 
mode j X j ( t ) X 

° x 

Y-d isp lacemen t in 
mode j Y j ( t ) Y ° y 

Rotat ion in mode j 6j( t ) 6 »e 
x-acce le ra t ion *(t) ° x 

y-acce lera t ion y(t) Oy 

9-accelerat ion e'(t) °9 

Modal a n a l y s i s 
The f irst s tep is to car ry out a dynam ic modal a n a l y s i s of the struc
ture to determine the f requenc ies and mode s h a p e s of the st ruc
ture in free v ibrat ion. 

Genera l i zed quant i t ies 
T h e response of a s t ruc ture to wind exc i ta t ion is most eas i l y so lved 
by cons ider ing genera l ized quant i t ies a s descr ibed below. The 
method is merely s ta ted here and , for further in format ion, 
re ference shou ld be made to the l i terature. 

T h e i ns tan taneous Generalized Force F i (t) cor respond ing to mode 
j is def ined in te rms of the appl ied loads w and T and the mode 
s h a p e \i\ 

F] ( t ) = J"w x H x d z + 

0 0 

ciz (1) 

In th is exp ress ion the mode s h a p e and the fo rces shou ld re late to 
the re fe rence a x i s s y s t e m , for examp le the geometr ic cent re a x i s 
of the bui lding. (The mode s h a p e s need not be normal ized). 

If a force ba lance test is car r ied out then the genera l ized force can 
be obta ined from the test resu l t s , a s desc r ibed in the sec t ion below 
on determinat ion of genera l ized force. 
T h e Generalized Mass Mj cor respond ing to mode j is ca l cu la ted 
f rom the m a s s and rotat ional inert ia per unit height and the mode 
s h a p e u thus : 

H 

1j = J" rriLi x

 2 d z + J " m u y 2 d z + J mQfAQ2dz 
(2) 

In th is exp ress ion it is a s s u m e d that the cent re of m a s s is on the 
re fe rence a x i s at al l leve ls . If th is is not the c a s e the fo l lowing more 
genera l exp ress ion ( exp ressed here for s impl ic i ty for a lumped 
m a s s model) shou ld be used : 

[Mi : M J i M j i (3) 

where I ] is the vector of node d i s p l a c e m e n t s def in ing the mode 
s h a p e and I M ] is the m a s s matr ix (conta in ing of f -d iagonal te rms 
a s appropr iate) wi th respect to the re ference a x i s . 
T h e Generalized Stiffness K j cor respond ing to mode j is re lated to 
the genera l ized m a s s thus 

K j = ( 2 n n j ) 2 M j (4) 

where nj is the f requency of that mode. 
T h e i ns tan taneous Generalized Displacement Aj(t) cor respond ing 
to mode j is found from the genera l ized force and s t i f f n e s s thus 

A i < t ) = F j ( l ) ' K j (5) 

T h e genera l ized d i sp lacemen t va r ies with t ime and c a n be con
s idered in three componen ts : 
(a) A mean va lue A j wh i ch is given by 

_ F | 
( 6 ) 

(b) A f luc tuat ing component due to the background (or broadband) 
exc i ta t ion . T h i s is c a u s e d by the tu rbu lence of the wind loading, in 
other words the gus t s , and o c c u r s i r respect ive of any dynam ic 
r e s p o n s e of the s t ruc ture . The background R M S va lue of A j (t) is 
g iven by 

0 A B j = ° F i ' K i (7) 

(c) A f luc tuat ing component due to the resonance of the s t ruc ture . 
T h e R M S of th is is given by 

° A * i = > / i t K * \ n J S F j < n j ) (8) 

where i is the cr i t ica l damping ratio and S F j is the power spec t ra l 
dens i ty (PSD) of F(t) at the f requency nj of the mode under con
s idera t ion . 
In order to ca l cu la te the mean and R M S va lues of the genera l ized 
d i sp lacemen t it is n e c e s s a r y to determine the mean , R M S and P S D 
of the genera l ized force F . T h i s is d i s c u s s e d in the next sec t i on . 

Determinat ion of genera l ized force 
Genera l i zed ae rodynamic fo rces c a n be es t ima ted ana ly t i ca l l y or 
by performing wind tunnel tes ts . T h i s sec t ion desc r i bes how 
genera l ized fo rces in mean , R M S and P S D componen ts are deter
mined f rom the resu l t s of force ba lance m e a s u r e m e n t s on a rigid 
model in a wind tunnel tes t , (in wh i ch no s t ruc tu ra l dynamic e f f ec t s 
are model led). The b a s e f o r ces and moments measu red are purely 
ae rodynamic fo rces wh ich c a n be e x p r e s s e d a s : 

F o r c e in x-dirn : x B « > = 

F o r c e in y-dirn F y B ( t ) = J " w y d z 

Moment about x - a x i s M x g ( t ) = J " w y z d z 

( 9 ) 

(10) 

(11) 

coe f f i c i en ts in di f ferent w a y s . For examp le , the w indspeed c a n be 
def ined a s any one of the fo l lowing: 
(a) T h e m e a n or gust speed at the height under cons idera t ion in 

the free a i r s t ream upwind 
(b) T h e mean or gust speed at the re ference height (usual ly 10m) 

either at the s i te or reduced to a s tandard exposu re 
(c) T h e mean gradient w indspeed 
(d) T h e mean or gust at ei ther the top or mid-height of the 

bui lding under cons idera t ion ei ther wi th or without the 
bui lding there. 

The p ressu re coef f i c ien t when appl ied to the m e a n w indspeed 
may a lso ei ther give a mean or a gust p ressure , a s di f ferent codes 
treat the e f f ec t s of g u s t s in di f ferent w a y s . Cons ide rab le cau t ion 
must therefore be e x e r c i s e d when apply ing Equa t ion (1) in 
s i tua t ions not expl ic i t ly covered by the re levant code , par t icu lar ly 
when us ing informat ion from publ ished l i terature. 
The re is, however , a fundamenta l defect in Equa t ion (1) in that it 
t reats the p ressu re coef f i c ien t in a de termin is t i c way . A l though 
the w indspeed itself is usua l l y determined by a probabi l is t ic 
approach , app l ica t ion of Equat ion (1) imp l ies a unique 
re la t ionship between veloci ty and p ressure . 
The code app roach , when app l icab le , shou ld be regarded a s a 
way of ach iev ing sens ib le upper bound v a l u e s for s t rength 
des ign . However , it may bear little r esemb lance to what happens 
in reali ty and wil l usua l ly be of l imited use in serv iceab i l i ty 
ca l cu la t i ons . 

Fur ther in format ion on p ressu re d is t r ibut ions is ava i lab le in the 
E S D U pub l i ca t i ons 2 a l though these a l s o tend to be determin is t ic 
in app roach . 
If it is required to invest igate p r e s s u r e s further, then th is is best 
done by m e a n s of a wind tunnel test . T h e remainder of th is paper 
d i s c u s s e s what is involved. 

W IND T U N N E L T E S T P R O C E D U R E 
The f irst s tep is to make a s c a l e model of the pro jected develop
ment. T h i s need not be an exac t rep l ica of what is to be built 
(general ly th is is not poss ib le a n y w a y during the init ial des ign 
s t a g e s when the des ign in format ion is required), but shou ld 
conta in those e lemen ts that wi l l have a s ign i f i can t e f fect . S o m e 
s imp l i f i ca t ion is indeed of benefi t when interpret ing the 
resu l t s ,as it is l e s s l ikely that s ign i f i can t f ac to rs wi l l be obscu red 
by super f i c ia l e f f ec t s . S imi la r ly , the surrounding a r e a need only 
be model led in a very genera l ized way . 

T h e model is then mounted in the wind tunnel on a turntable s o 
that w ind f rom all d i rec t ions c a n be model led. T h e s ize of the 
model is natura l ly l imited by the d imens ions of the wind tunnel a s 
the 'b lockage factor ' (i.e. the ratio of the a rea in e levat ion of the 
model to the a rea of c ross -sec t i on of the tunnel) must be kept 
suf f ic ient ly low, o therw ise the edge e f f ec t s of the s i des of the 
tunnel become s ign i f i cant . 

It is a l so e s s e n t i a l that the wind s t ruc ture is cor rec t ly model led 
and the pro f i les of the var ia t ion of mean w indspeed and 
turbulence wi th height shou ld be spec i f i ed . It is a l s o n e c e s s a r y to 
spec i f y the Power Spec t ra l Dens i ty wh ich de f i nes how the 
turbulence is sp read a c r o s s the range of gust f requenc ies . 
Fur ther de ta i l s on the procedures are con ta ined in R e f e r e n c e s 3 
and 4. 

S T A T I S T I C A L T H E O R Y 
Probabi l i ty d is t r ibu t ions 
F i g . 3 s h o w s three probabi l i ty d is t r ibut ions that a re common ly 
used in wind engineer ing. 
It is important to d is t ingu ish between the Probabi l i ty Densi ty 
Func t ion ( P D F ) and the Cumu la t i ve Probabi l i ty Func t i on ( C P F ) . 
T h e C P F is the integral of the P D F . 

The Normal distribution 
The P D F of the Normal (or G a u s s i a n ) d ist r ibut ion is given by 

where 
ox 

(2) 

(3) 

x = the mean of x 
°x = the s tandard deviat ion of x. 

Equat ion (2) must be integrated numer ica l l y to obta in the C P F . 
The Fisher-Tippett Type 1 distribution 
F i s h e r and Tippett invented three d is t r ibut ions w h i c h they ca l led 
T y p e s 1 to 3. Gumbe l w a s the f irst to apply the T y p e 1 d ist r ibut ion 
to natura l ly occur r ing phenomena and th is d is t r ibut ion is there
fore s o m e t i m e s referred to a s the Gumbe l d is t r ibut ion. 
T h e FT-1 dist r ibut ion is common ly used in two w a y s in wind 
engineer ing: f i rst to desc r ibe the occu r rence of w ind speeds , for 

examp le the dist r ibut ion of the annua l m a x i m a ; second ly , to 
descr ibe the occu r rence of a peak gust va lue, for examp le the 
m a x i m u m p ressu re that wi l l occu r in any one hour. 

T h e C P F of the FT -1 d ist r ibut ion is given by 
- a (x - u) 

P = e " e (4) 

where P is the probabi l i ty that x wi l l nor be e x c e e d e d . 
u is the mode 
l/a is the d ispers ion 
It is of ten convenient to rear range Equat ion (4) 
thus 

i o g e i o g e ( 1 / p ) (5) 

When apply ing the FT -1 dist r ibut ion it is usua l l y convenient to 
work wi th the mode and d ispers ion . The mean and s tandard 
dev ia t ion, however, can be e x p r e s s e d a s fo l lows: 

0.577 

1.282 
a 

( 6 ) 

(7) 

The Weibull distribution 
Whi le the FT -1 distr ibut ion is normal ly appl ied to the ex t reme 
v a l u e s of a populat ion, for examp le the m a x i m a occur r ing e a c h 
year , the Weibu l l (or F isher -T ippet t Type 3) d is t r ibut ion is of ten 
used to desc r i be the populat ion a s a whole . T h e C P F is given by 

- ( X ' c ) 

P = e (8) 

Here P is the probabil i ty that x will be e x c e e d e d , c and k are 
c o n s t a n t s . 
If k = 1 then the dist r ibut ion is exponent ia l and if k = 2 it is known 
a s the Ray le igh Distr ibut ion. E x p r e s s i o n s for the mean and 
s tandard deviat ion do ex is t but they are in te rms of g a m m a 
func t ions and require tab les to eva lua te . 

Other distributions 
Other d is t r ibu t ions s o m e t i m e s ment ioned in the l i terature are the 
Lognorma l d ist r ibut ion (wh ich is a normal d ist r ibut ion appl ied to 
the logar i thm of x) and the FT -2 (or F reche t ) d is t r ibut ion (wh ich is 
a FT-1 d ist r ibut ion appl ied to the logar i thm of x) . 

Var ia t ion of p ressu re wi th t ime 
The var ia t ion of p ressu re at a point on the s u r f a c e of a bui lding is 
shown d iag rammat i ca l l y in F i g . 2. T h e d is t r ibut ion of gust 
p r e s s u r e s about the mean va lue is usua l l y wel l desc r ibed a s a 

NORMAL DISTRIBUTION 

F I S H E R T I P P E T T T Y P E I DISTRIBUTION 

WEIBULL DISTRIBUTION 

F i g . 3 
Probabi l i ty d is t r ibu t ions 



whole by a normal d ist r ibut ion (F i g . 4) (a l though a s d i s c u s s e d 
below it does not a l w a y s hold for the ex t reme ta i ls ) . 
T h e f luc tuat ing p ressu re c a n be e x p r e s s e d in te rms of a mean 
va lue (usua l ly the mean hourly va lue) and the s tandard deviat ion 
(often referred to a s the root -mean-square or R M S value) . T h e s e 
v a l u e s c a n be measured in a wind tunnel test . 

Averag ing interval 
W h e n cons ider ing the p ressu re on a bui lding it is n e c e s s a r y to 
determine the appropr ia te averag ing interval . T h i s wi l l depend on 
the s i ze of the e lement under cons idera t ion , for examp le whether 
it is the who le bui lding or a s ing le c ladd ing unit. 
It c a n be seen f rom F i g . 4 that the shor ter the averag ing interval 
the higher the peak va lue wil l be. Only the wind edd ies that a re 
large enough to e n c o m p a s s the who le e lement or bui lding wi l l 
have an e f fec t . Sma l l e r edd ies wi l l not be cor re la ted a c r o s s the 
who le s u r f a c e and wil l c a n c e l e a c h other out. T h e appropr ia te 
averag ing interval T (in s e e s ) is given by the fol lowing empi r i ca l 
re la t ionsh ip . 

4.5 L 
T = 0) 

where L is the representa t ive length in met res 

V is the mean hourly veloci ty in m/sec . 
In CP3: Chapter ( / C l a s s e s A, B, and C cor respond to averag ing 
in terva ls of 3, 5 and 15 s e c o n d s respect ive ly . (The 3 s e c o n d s for 
C l a s s A is an h is tor ica l anoma ly and shou ld be shorter . 
A l l o w a n c e for th is is made in the v a l u e s of the p ressu re 
coe f f i c i en ts in the code.) 

E x t r e m e va lues 
For the purpose of des ign we are in terested in the m a x i m u m gust 
p ressu re and , having determined the m e a n hourly va lue and the 
s tanda rd deviat ion, we need to f ind the m a x i m u m peak va lue that 
wi l l occu r dur ing any one hour. 
One w a y of determin ing th is in the w ind tunnel is to run the test 
for one hour and m e a s u r e the largest va lue that o c c u r s . Unfor
tunate ly , there is a d i f f icu l ty here a s what may happen in one hour 
may not happen in another . Fo r e x a m p l e one samp le may con ta in 
a ' rogue ' high va lue wh ich might occu r only once in s a y 100 hours. 
A l ternat ive ly , a high peak may not occur . 

One w a y of overcoming th is problem is to take a number of one-
hour s a m p l e s and then car ry out an ex t reme va lue a n a l y s i s to 
determine the expec ted m a x i m u m va lue. T h i s , however, is 
e x p e n s i v e in tunnel t ime and is not normal ly jus t i f ied . 
A l ternat ive ly , the expec ted m a x i m u m va lue c a n be es t imated by 
mak ing a s s u m p t i o n s about the s t a t i s t i ca l propert ies of the 
d is t r ibut ion. F i g . 5 s h o w s d iag ramat i ca l l y the probabi l i ty 
d is t r ibut ion of al l g u s t s and a l s o the probabi l i t ies of the 
m a x i m u m p ressu re that wil l occu r dur ing a given period. 
It c a n be s h o w n 4 that if the parent populat ion is normal ly 
d is t r ibuted (Equa t i ons 2 & 3), then the probabi l i ty of the m a x i m u m 
va lue is c lose ly approx imated by a FT -1 d istr ibut ion (Equat ion 4) 
wi th mode and d ispers ion given by 

(10) -.x+ox\f | 2 l o g e v T I 

a = 7 0 \ / " l 2 l o g e v T | (11) 

where v is the c y c l e f requency and T is the length of t ime 
cons ide red (ie 3600 s e e s ) . 
T h e c y c l e f requency v is given by the e x p r e s s i o n 

oo 

J n 1 S n d n 

»' = ° ~ (12) 

J s n d n 

where S n is the Power Spec t ra l Density at f requency n (which can 
be measured in the wind tunnel test) and is a measure of the 
distr ibut ion of dif ferent gust f requenc ies. 
The product vT is , in ef fect , the number of s ta t is t ica l ly independent 
gus ts that wil l occur during a period of one hour. T h e max imum 
expected value that wil l occur will be given by the mean of the 
ex t reme value distr ibut ion. Subst i tu t ing in Equat ion (6) then gives 

(13) 
: x + r) ,o 

where , -\f |2 log.i/Ti + 0.577 

sf[2 log v T | (14) 

A s already noted, however, in a reas of separated flow the 
assumpt ion of the normal distribution does not hold for the extreme 
tai ls of the distribution and L a w s o n 1 sugges ts an exponential 
relationship (above r) = 2.7) of the form 

F i g . 4 

P D F of f luc tuat ing p ressure 

1 E.»err * value i Not "lit ia>i i 

i i 
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A ' 

— 
1 p.~~.. 

F i g . 5 
P D F ' s of parent and ex t reme p r e s s u r e s 

Averaging interval (Seconds) 
F i g . 6 
Var ia t ion of v T with averag ing interval 

It can be s h o w n 4 that, for the exponential tail 
holds but with Equation (14) replaced by 

r j , = (log v T + 0.577)/1.35 

Equation (13) a lso 

(16) 

In order to determine these values it is necessary first to evaluate vl. 
Publ ished data seems to indicate that vT normally l ies in the range 
100-1000 but more detailed information on the subject is scarce . For 
the present purpose it has been evaluated by applying Equat ion (12) 
to the E S D U formula 2 for the Power Spectra l Density for the free air 
flow but truncated at the frequency corresponding to the averaging 
interval. The results are shown in Fig. 6. 

Typ ica l va lues for ri, and n-, obtained in th is way, are shown in 
Tab le 1. 

Tab le 1 

Averag ing 

P = 
- 1.35rj 

(15) 

Interval (t s e e s ) vT 1i 12 

0.5 1400 3.95 5.78 
1 950 3.86 5.51 
3 450 3.66 4.95 
5 300 3.55 4.65 

10 180 3.40 4.27 
15 130 3.31 4.03 
30 70 3.11 3.57 
60 35 2.87 3.04 
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F i g . 19 
C y c l e s of resonant response 

T h i s da ta c a n then be used to predict : 
(a) Return per iods of peak loading e f f ec t s . T h i s involves the cyc le 
f requency of the wind to obtain the number of hours that const i tu te 
an independent s torm or 'event ' , a s descr ibed in David C ro f t ' s 
paper. 
(b) T h e number of c y c l e s of osc i l l a t ion at par t icu lar ampl i tude 
levels e a c h year , for u s e in fat igue a s s e s s m e n t s . In th is c a s e only 
the resonant response component m a k e s a s ign i f i can t contr ibu
t ion. There are 3600/T c y c l e s of osc i l la t ion per hour (where T = 
natura l period in s e c o n d s ) and for e a c h rms response level there is 
a known (Ray le igh) d ist r ibut ion of indiv idual ampl i tude peaks . T h i s 
enab les the total number of c y c l e s in e a c h ampl i tude range to be 
determined, a s in F ig . 18. 
F ig . 19 s h o w s the number of c y c l e s per annum of b a s e shear 
ampl i tudes , and F ig . 20 the var ia t ion of peak acce le ra t ion with 
return period. 

Member des ign 
A number of a p p r o a c h e s are poss ib le to obtain des ign loads for 
individual members . (In the c a s e of the Hongkong and Shangha i 
B a n k project the peak b a s e force r e s p o n s e s were s ign i f i cant ly 
lower than those obta ined by apply ing the Hong Kong statutory 
wind p r e s s u r e s , and the statutory loads were used for the strength 
design.) A l though the force b a l a n c e method does not def ine fully 
the d ist r ibut ion of e f fec t i ve loading with height, the ratio of peak 
moment to peak shea r g ives an e f fec t i ve centre of loading. T h i s 
c a n be augmented by integrat ing mean p r e s s u r e s obta ined from a 
p ressu re tapped model to give an es t ima te of the mean load 
d ist r ibut ion. T h e resonant component d istr ibut ion c a n be obta ined 
by cons idera t ion of the inert ia fo rces . An 'e f fec t ive ' quas i -s ta t i c 
loading d iagram can be put together from these componen ts , and 
a normal s ta t i c a n a l y s i s used to obta in individual member fo rces . 
The combina t ion of s imu l t aneous loading from two t rans la t iona l 
and the tors iona l d i rec t ions h a s been s tud ied us ing ae roe las t i c 
mode ls by B L W T L who recommend the fo l lowing comb ina t ions a s 
des ign l o a d c a s e s : 

(1) L O F x o M . O F y 

(2) 0 . 8 F x ± 0 . 8 F y 

(3) 0 . 6 F x ± 0.6 F y ± 0.6 F 8 

where F x , Fy , F 9 are the member load e f f ec t s obta ined under peak 
x, y and 8 e f fec t i ve loads ac t ing a lone. 
An a l ternat ive app roach , poss ib le for s imp le s t ruc tura l fo rms, is to 
use the modal a n a l y s i s direct ly. The re is a re la t ionsh ip ( in f luence 
coef f i c ien t ) between any member fo rce and the genera l ized 
d i sp lacemen t of a par t icu lar mode, jus t a s there is for an overal l 
b a s e shea r or corner acce le ra t i on . There fo re a member force can 
be t reated in exac t l y the s a m e w a y a s a b a s e shea r and the var ia
t ion of peak member force wi th return period c a n be obta ined 
direct ly by cons ider ing al l the relevant modes. 

Occupan t comfor t 
T h e acce le ra t i on r e s p o n s e s at the top of the bui lding are given in 
F ig . 20, together with the a c c e p t a n c e cr i ter ia proposed by Daven
port. It c a n be seen that for f requent even ts the accep tab le level is 
the threshold of percept ion for a sma l l proport ion of the oc
cupan ts , w h e r e a s for rare even ts l imited percept ib le mot ions are 
cons idered accep tab le . It h a s to be borne in mind that acce le ra t ion 
pred ic t ions are very sens i t i ve to a number of input pa ramete rs , and 
shou ld be cons ide red a s ind icat ive only. Comfor t c r i ter ia a l so are 
ind icat ive, b a s e d on sub jec t i ve reac t i ons of bui lding o c c u p a n t s to 
infrequent even ts . Davenpor t ' s c r i te r ia are in l ine wi th other 
worke rs ' recommenda t ions . 
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F ig . 20 
Predic ted peak acce le ra t i ons 
at a height of 159 m ( 1 % damping) 

In Hong Kong typhoons are a s s o c i a t e d with st rong w inds and 
damage and for th is reason occupan t reac t ions to bui lding move
ment wil l be di f ferent from those in normal operat ing cond i t ions; 
typhoons have therefore been d is regarded for compar i son with 
normal a c c e p t a n c e cr i ter ia . It c a n be seen that the expec ted per
fo rmance of the bui lding under non-typoon w inds is good. 
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A P P E N D I X A: 
C A L C U L A T I O N O F T O T A L R E S P O N S E S 
B Y T H E N O R M A L M O D E M E T H O D 
Introduct ion 
T h i s appendix desc r i bes the t rans fo rmat ions required to obtain 
genera l ized modal propert ies and i l lus t ra tes how the normal mode 
method c a n be used to predict total r e s p o n s e s us ing the resu l t s of 
b a s e force ba lance m e a s u r e m e n t s on a rigid model in a wind tun
nel test . 

Notat ion 
In s o m e c a s e s s impl i f ied notat ion is used in order to reduce com
plexity in the va r ious equa t ions . 

Fu l l S impl i f ied 
notat ion notat ion 

Height of bui lding H 

Height Z 

F requency of mode j " i n 

Mode s h a p e of mode j on a re ference a x i s 

x Component Mx 
y Component Myj M My 
9 Component ^0 
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F i g . 17 
Hongkong and Shangha i Bank 
var ia t ion of N-S moment response 
with w indspeed and damping 

P D F 
( re la t ive 
f requency of 
a m p l i t u d e s ) 

Ray le igh Distr ibut ion o ) a m p l i t u d e s 
in n a r r o w - b a n d random r e s p o n s e 

5 o A m p l i t u d e 
i note o = i 

r e s o n , 
r e s p o n s e 

of A 
l a n t 

O b t a i n e d from d y n a m i c r e s p o n s e / 
w ind c l i m a t e i n t e g r a t i o n 

No ot hours p a 
that rms r e s p o n s e 
is e x c e e d e d 

II the natura l p e r i o d ? of the s t r u c t u r e is 4 s e e s I hour is e q u i v a l e n t 
to 3 6 0 0 / T = 9 0 0 c y c l e s of o s c i l l a t i o n 
E x a m i n e d i s t r i b u t i o n ot a m p l i t u d e s tor 1 hour s h a d e d a b o v e 
for w h i c h o £ 2 0 

Integral ot P D F g i v e s p ropor t ion ot 
a m p l i t u d e s e x c e e d i n g g iven l e v e l s 

per a n n u m 

Ampl i tude 
at r e s o n a n 
est >nse 

12 U H 

10 O H 

f, -

No of c y c l e s p a 
that a m p l i t u d e 
is e x c e e d e d 

F i g . 18 
Development of fat igue load 
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F i g . 7 
E x c h a n g e Squa re : s i te plan 

F ig . 8 
E x c h a n g e Squa re : wind tunnel model 
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F i g . 9 
Cen t ra l Hong Kong wind prof i les 

C A S E S T U D Y : E X C H A N G E S Q U A R E , H O N G K O N G 

Pro jec t descr ip t ion 
T h e s i te for the E x c h a n g e S q u a r e Development is located in 
cen t ra l Hong Kong c l o s e to the S ta r Ferry terminal and the 
ex is t i ng Connaugh t Tower (F i g . 7). 
T h e development c o m p r i s e s two 50-storey and one 37-storey 
o f f i ce towers above an open p laza at f i rst f loor level . Benea th the 
p laza are the bus s ta t i ons for The C h i n a Motor B u s Company and 
the Pub l i c Light B u s Company . A l s o inc luded in the development 
is a new S tock E x c h a n g e t rading ha l l . 

T e s t de ta i l s 
Wind tunnel t es t s were car r ied out by the Department of 
Ae ronau t i ca l Eng ineer ing at Br is to l Univers i ty dur ing the period 
September -November 1982. T h e s e t es t s inc luded p ressu re 
m e a s u r e m e n t s on the two 50-storey towers and around the b a s e 
and a l s o on the Connaugh t Tower . An env i ronmenta l w ind test 
w a s a l s o car r ied out. 
T h e model (F ig . 8) w a s made to a s c a l e of 1:500. The de ta i l s of the 
sur round ing bui ld ings were b a s e d on photogrammetr ic read ings 
taken f rom aer ia l photographs supp lemented by addi t ional infor
mat ion on nearby bui ld ings under cons t ruc t ion . T h e total 
numbers of p ressu re tapping points were 297 on E x c h a n g e 
S q u a r e and 180 on Connaught Cent re . T h e t ime s c a l e w a s 1:100. 
T h e wind s imula t ion w a s based on the work car r ied out at the 
Boundary Layer Wind Tunne l Laboratory , Ontar io , C a n a d a 
( B L W T L ) in connect ion wi th the Hongkong and S h a n g h a i B a n k . 
T h e resu l t s of those s tud ies ind icated that the w ind prof i les from 
all d i rec t ions c a n be model led wi th f ive a l ternat ive e x p o s u r e s a s 
s h o w n in F ig . 9. 
P r e s s u r e s at e a c h tapping point were m e a s u r e d for w ind 
d i rec t ions at 15° in terva ls . For s o m e d i rec t ions two or more 
e x p o s u r e s were spec i f i ed and the wors t c a s e taken so that there 
were a total number of 33 permuta t ions of d i rect ion and exposure . 
Fur ther de ta i l s are given in re ference (4). 

R e s u l t s 
Con tou rs of peak posi t ive and negat ive one-second gust 
p r e s s u r e s for the two towers A1 and A2 are s h o w n in F ig . 10. 
T h e s e resu l t s al l co r respond to the 50-year w ind (mean hourly 
gradient ve loc i ty 47.1 m/s) ac t ing in the worst d i rect ion for e a c h 
locat ion. Polar plots show ing the var ia t ion of p ressu re wi th w ind 
d i rect ion at four c r i t i ca l loca t ions are s h o w n in F i g . 11 . 
T h e m a x i m u m negat ive one-second gust p ressu re occur red at 
locat ion 15 wh ich is at the top level on the north cy l inder on Tower 
A2. T h e reason for th is is the curved s u r f a c e to wh i ch the f low 
s t i c k s rather than separa t ing at a sha rp edge and th is in turn 
i nduces a higher s u r f a c e speed and hence a higher suc t i on . 
High s u c t i o n s a l so occur red at L o c a t i o n s 38 and 60 wh ich were 
d i rect ly below Loca t ion 15. It is in terest ing to note that the 
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m a x i m u m one-minute suc t ion occur red at Loca t ion 60 and the 
m a x i m u m mean suc t ion at Loca t ion 38, ind icat ing that the 
genera l f low pattern is s im i la r for most of the height. T h e mean 
p ressu re w a s a m a x i m u m near midheight wh i le the tu rbu lence 
i nc reased both above and below that level. 
T h i s band of high suc t ion w a s quite narrow in both s ize and wind 
d i rect ion a s demons t ra ted by F i g s . 10 and 11 . 
The s a m e e f fec t did not occu r at the cor respond ing posi t ion on 
Tower A 1 . T h i s w a s b e c a u s e of the sh ie ld ing by the Connaught 
Tower for the cr i t ica l wind d i rect ion. 
The re w a s an in terest ing high suc t ion at locat ion 160 near the 
b a s e of the south-east f a c a d e of Tower A 1 . T h i s w a s probably due 
to the proximi ty of the Connaught Tower c a u s i n g a 'Ventur i ' 
e f fect in the gap between. T h e fact that it occur red near ground 
level may be due to the speed-up of the wind and separa t ion f rom 
the roof of the t rading hal l at the b a s e of the towers . 
In compar i son , the p r e s s u r e s in the gap between the Tower A1 
and A2 were very much a non-event, ind icat ing that th is gap is 
su f f i c ien t ly s m a l l to make the wind p a s s round the ou ts ides of the 
two towers rather than in-between. 

T h e m a x i m u m posi t ive gust p ressure occur red at locat ion 166 
near the b a s e of Tower A 1 . 

E F F E C T O F WIND C L I M A T E 
Genera l 
The resu l t s p resented above are for the s i tuat ion of the 50-year 
wind (from all d i rec t ions combined) ac t ing in the worst d i rect ion 
for e a c h locat ion. 
T h e s e v a l u e s are compat ib le with the def in i t ion of cha rac te r i s t i c 
or work ing wind loads impl ied by CP3:Chapter V when used in 
con junc t ion wi th CP110, CP114 or BS449. They wi l l , however , 

overes t imate , of ten quite s ign i f icant ly , the va lues that wi l l occu r 
at e a c h locat ion once in 50 yea rs . For examp le , if the m a x i m u m 
pressure o c c u r s over only a sma l l range of w ind d i rec t ions (F i g . 
11) and if the latter co inc ide with those from w h i c h s t rong w inds 
do not occur , then the probabil i ty of a high p ressu re occur ing at 
that locat ion wi l l be great ly reduced. 

Hong Kong w ind c l imate 
The resu l t s of the B L W T L Hong Kong C l ima te s tudy ind icated 
that the high wind s p e e d s appropr ia te to s t rength des ign are 
invar iably a s s o c i a t e d with typhoons. T h e resu l t s of the B L W T L 
typhoon model can be f i t ted by a Weibul l funct ion (see above) 
thus 

N = Ae 
(V 

(17) 

where N is the number of hours /year on ave rage that V is 
exceeded . 
V is the gradient mean hourly veloci ty. 
A, C and k are c o n s t a n t s for each wind direct ion and are ava i lab le 
tabu la ted for 15° az imuth in terva ls . Equat ion (17) is shown plotted 
in F i g . 12. 

Integrat ion by az imuth 
From Equat ion (17) and a s s u m i n g that the p ressu re at e a c h point 
is proport ional to the square of the gradient ve loc i ty , the number 
of hours /year N x that a p ressure X is exceeded is given by 

/V,„ A v 3 6 0 - f / 1 
N x = 2 A e e ^ x - . V 

9 = 0 
(18) 

+ ve Pressures 

F i g . 10 
E x c h a n g e Squa re : 
gust p r e s s u r e s 

- v e P ressu res 

B u i l d i n g 
e n v e l o p e 

4 - 4 , f 

D V H 

+ • G e o m e t r i c c e n t r e 

# A x i s of r o t a t i o n 

N 

MODE 1 
P e r i o d = 4 4 s e c 

MODE 2 
P e r i o d = 3 7 s e c 

MODE 3 
E j P e r i o d • 3 -1 s e c 

F i g . 12 
Hongkong and S h a n g h a i Bank 
m o d e s h a p e s in plan 

Z • 27 3m 

Note M> = My 

F i g . 13 
Not ional f ive lumped 
m a s s model 
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F i g . 14 
North-south 
moment coe f f i c i en ts 

B a s e ba lance m e a s u r e m e n t s 
B a s e fo rces in the model were measu red for w inds from e a c h direc
t ion at 15° az imuth in terva ls and presented a s mean and rms f luc
tuat ing componen ts normal ized a s coe f f i c i en ts to enab le full-
s c a l e fo rces to be determined. S p e c t r a of the f luc tuat ing com
ponents were measu red for key d i rec t ions . 

The f ive componen ts m e a s u r e d were: 
(a) N-S overturning moment 
(b) E-W overturning moment 
(c) N-S shea r force 
(d) E-W shea r force 
(e) To rs ion moment . 

Deta i ls of the ba lance are given in T c h a n z 8 . 

A typ ica l plot of mean and rms coe f f i c i en ts aga ins t az imuth is 
given in F ig . 14. T h e s e are ae rodynamic fo rces only, with no s t ruc
tural dynam ic magn i f i ca t ions . Fu l l s c a l e fo rces and moments are 
obta ined a s : 

F x = C F x . W x . H . q g 

M x = C M x . W x . H 2 . q g 

T = C T . W x . W y . H . q g 

w h e r e F x . M x . T are shea r force, moment and torque 
C F X , C M X . C T are the cor respond ing coe f f i c i en ts 
w x . W y , H are the w id ths and height of the bui lding 

2 
a,g = v 2 p v g = dynamic wind p ressu re at gradient height. 

A typ ica l spec t rum ( a s measured) is s h o w n in F i g . 15. T h i s is 
smoothed for ' no ise ' and cor rec ted for m e c h a n i c a l r e s o n a n c e s of 
the test equipment and e lec t r i ca l f i l ter ing c h a r a c t e r i s t i c s before 
use in pred ic t ions. 

Pred ic t ion of s t ruc tu ra l r e s p o n s e s 
A deta i led descr ip t ion of the a n a l y s i s of r e s p o n s e s is g iven in 
Append ix A. T h e key concept to note is that for a modeshape l inear 
in e levat ion the mode genera l ized force is d i rect ly proport ional to 
the b a s e bending moment measu red in the wind tunnel . 
F i g . 16 s h o w s the var ia t ion of peak acce le ra t ion wi th az imuth and 
w indspeed . F i g . 17 s h o w s the var ia t ion of b a s e moment wi th 
az imuth , w indspeed and damping . S im i la r resu l ts can be obta ined 
for other r e s p o n s e s . 

F requency o l o c c u r r e n c e of response leve ls 
Hav ing es tab l i shed response /az imu th /w indspeed re la t ionsh ips 
the wind c l ima te model is int roduced to make pred ic t ions of the 
f requency of e x c e e d a n c e of c h o s e n response leve ls . 
To i l lust rate the procedure, F ig . 9 s h o w s the number of hours per 
year that Vg va lues are exceeded (by az imuth) in the non-typhoon 
model . F rom F i g . 16 it is poss ib le to es tab l i sh for e a c h az imuth the 
v a l u e s of Vg required to c a u s e a spec i f i c r esponse level to be ex
ceeded . It is therefore poss ib le to predict the total number of hours 
per year that the response wil l be e x c e e d e d . 

1 J * 5 6 7 C 4 ' 
i J I i f 7 6 

FHEQUFNCT 
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NOTE (i) model scale frequency shown 
(n) spectra are smoothed and corrected before i 

F i g . 15 
Power spec t rum E-W b a s e moment az imuth 285° 
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F i g . 16 
Var ia t ion of peak acce le ra t ion 
wi th az imuth and w indspeed 
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Disadvan tages : 
(a) Models are t ime-consuming and expens i ve to des ign and con

s t ruct . 
(b) Cons ide rab le test t ime is required to obta in r esponses at dif

ferent w indspeeds and with di f ferent damping . 
(c) Major c h a n g e s in dynam ic proper t ies require re-test ing wi th 

rev ised model . 
Force balance method 
T h e concept of the force ba lance method is to measu re mean and 
f luc tuat ing ae rodynamic loads on a rigid model without any s t ruc
tural dynam ic modi f ica t ion. The r e s p o n s e s are then ca l cu la ted , 
tak ing accoun t of m e c h a n i c a l admi t tance us ing the normal mode 
method out l ined above. T h e main requirement of the base ba lance 
is to m e a s u r e accura te l y very sma l l and rapidly f luctuat ing fo rces . 
T h i s h a s presented des ign prob lems to ach ieve suf f ic ien t s t i f f n e s s 
and sens i t iv i ty , but a number of wind tunne ls now have s u c h 
b a l a n c e s measur ing from two to s ix d i rec t iona l components . The 
use of the f ive component ba lance of the Boundary Layer Wind 
Tunne l Laboratory of the Univers i ty of Wes te rn Ontar io is des
cr ibed in the c a s e study below. 
The method h a s many a t t rac t ions 
(a) A l though the ba lance may be expens i ve and soph is t i ca ted , it is 
a s tandard re-useable i tem and the s t ruc tura l mode ls for spec i f i c 
wind s tud ies are s imple , rigid, qu ick ly made and inexpens ive . 
(b) Va r ia t i ons in s t ruc tura l propert ies are cons ide red ana ly t i ca l l y , 
and s o re-test ing is not required for new damping rat ios or natura l 
modes and f requenc ies . Coup led modes c a n be dealt wi th. 
(c) By measur ing the s p e c t r a of f luctuat ing ae rodynamic loads, 
tes t ing at only one wind veloci ty is n e c e s s a r y , with consequen t 
t ime sav ing . 
Compared wi th a full ae roe las t i c s tudy the method h a s the follow
ing d i sadvan tages : 
(a) Ae rodynamic damping or instabi l i ty a re not inc luded. 
(b) Approx imat ions are n e c e s s a r y in ca l cu la t i ng the tors ional 
response . 
C A S E STUDY: HONGKONG AND SHANGHAI BANK BUILDING 
Introduction 
The new Hongkong and S h a n g h a i Bank headquar te rs bui lding in 
Hong Kong h a s been sub jec ted to a wind engineer ing s tudy of 
unusua l l y large scope and deta i l . T h e s tudy w a s car r ied out at the 
Boundary Laye r Wind Tunne l Labora tory of the Univers i ty of 
Wes te rn Ontar io , C a n a d a ( B L W T L ) , under the direct ion of Pro
fesso r A lan Davenport . Both the terrain of Hong Kong and the form 
of the bui lding i tself present d i f f i cu l t ies in us ing ana ly t i ca l 
methods . The s c o p e of the s tudy is out l ined below: 
(a) A wind c l imate study, def in ing a typhoon c l imate (for peak st ruc
tural loading e f fec ts ) and a non-typhoon c l imate (for envi ronmen
tal and occupan t comfort re lated e f fec ts ) . S e e F i g . 9 and David 
C ro f t ' s F ig . 12. 
(b) A topograph ica l study to obta in wind prof i les at the s i te for 
var ious incident d i rec t ions. S e e David C ro f t ' s F ig . 9. 

(c) W ind tunnel model for s u r f a c e p ressu res . 
(d) Wind tunnel model for overa l l ae rodynamic fo rces ( force 
b a l a n c e technique) . 
(e) Env i ronmenta l wind tes t s . 
T h i s work is documented in a se r i es of B L W T L repor ts 7 , from wh ich 
much of the fo l lowing da ta is taken . 
T h e subsequen t sec t i ons desc r i be the use of b a s e ba lance 
m e a s u r e m e n t s to obtain des ign resu l ts . 

Dynamic properties of the building 
The genera l ar rangement of m a s s in the bui lding is i l lustrated in 
F i g s . 10 and 11. T h e s t ruc ture is des igned to a c c o m m o d a t e future 
inf i l l ing of the set b a c k s ' on the eas t s ide (F ig . 10) and consequen
tly the pr imary s t ruc ture is essen t i a l l y symmet r i ca l about the cen
tral N-S a x i s . S i n c e the cent re of m a s s becomes of fset from th is 
a x i s in the higher zones of the current ly proposed bui lding, s igni f i 
can t la tera l tors ional behaviour is present in al l the m o d e s h a p e s 
(F ig . 12). Al l the f irst modes have approx imate ly l inear e levat ional 
s h a p e s . 

The modes and f requenc ies were obta ined by ana lyz ing a not ional 
f ive lumped m a s s model a s i l lust rated in F ig . 13. E a c h m a s s h a s 
three degrees of f reedom, (in the x, y and tors ion d i rect ions) . A f lex
ibil ity matr ix w a s obta ined for the 15 degree of f reedom s y s t e m by 
ana lyz ing a detai led f inite e lement model of half the s t ruc ture 
under a s e r i e s of unit loads appl ied at the m a s s cent re levels. T h i s 
w a s t rans fo rmed and inverted to give a s t i f f n e s s matr ix (K) relat ing 
f o r ces to de f lec t ions for the total of 15 degrees of f reedom at the 
cent re of m a s s locat ions. Modeshapes and f requenc ies were 
obta ined by direct e igenso lu t ion of the equat ion 

| K - O J 2 M | X = 0 where M is the d iagonal m a s s matr ix 

us ing a purpose wri t ten program incorporat ing s tandard matr ix 
rout ines. T h i s enab led the e f fec t of m a s s asymmet r y to be quan
t i f ied without developing a m u c h larger f inite e lement model of the 
whole bui lding. C h a n g e s in m a s s d ist r ibut ion (e.g. inf i l l ing the eas t 
s ide) cou ld a l s o be examined eas i l y . 
Damping w a s es t ima ted to lie between 1 % and 2 % of c r i t i ca l , 
based on prev ious exper ience of s tee l - f ramed bui ld ings. The lower 
va lue w a s adopted for des ign pred ic t ions. 

Test details 
From the wind tunnel s tud ies wi th a 1:2500 s c a l e topographica l 
model of Hongkong and i ts su r rounds , five ups t ream wind 
ca tego r ies were identi f ied to cover al l w ind d i rec t ions at the s i te 
(David C ro f t ' s F i g . 9). The pronounced she l ter ing of the s i te for 
w inds from the south and sou th-wes t is evident. 
A rigid, light a rch i tec tura l model of the bui lding at 1:500 s c a l e w a s 
mounted on B L W T L ' s 5-component base ba lance at the cent re of a 
proximity model , wh ich inc luded deta i led representat ion of al l 
f ea tu res wi th in a 600m rad ius of the s i te. The whole a s s e m b l y w a s 
mounted on a turntable in the wind tunnel . Wind prof i les and tur
bu lence c h a r a c t e r i s t i c s m e a s u r e d in the 1:2500 topographica l 
s tudy were s imu la ted at th is larger s c a l e to produce appropr iate 
wind cond i t ions at the s i te for e a c h prevai l ing w ind di rect ion. 
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Fig. 11 
Var ia t ion of p ressu re with wind d i rect ion 

where V H l is the 50 year gradient ve loc i ty ( 4 7 J m/s) 
x , „ , 8 is the p ressure at the point wi th V<„ at 9 
A 9 , Cg and kg are the Weibul l coe f f i c i en ts for ang le 8 . 

Equat ion (18) g ives the number of hours on average that a given 
va lue X wil l be exceeded . If each hour of w ind w a s s ta t i s t i ca l l y 
independent then the return period R (in years ) for a given va lue of 
X would be given by R = 1/N X. S u c c e s s i v e hours of wind however, 
are not independent and one typhoon wi l l produce severa l hours 
of high w inds . It c a n be s h o w n 5 that, for the Hong Kong typhoon 
c l ima te a s given by Equat ion (17), the return period R of X 
occur r ing is given by 

R = 14.8 

N v (19) 
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Equat ion (19) impl ies that in a typhoon there are. on average, 
s ta t i s t i ca l l y dependent hours of w ind. 

14.8 

The above approach is great ly s impl i f ied and a more r igorous 
t reatment a s used at B L W T L is presented by Surry ef a / 6 . R e s u l t s 
f rom the above method, however, have been compared wi th those 
obta ined by B L W T L and agreement general ly found to be wi th in 
2 % . 

The resu l t s for s o m e of the cr i t ica l l oca t ions on E x c h a n g e S q u a r e 
are shown plotted in F ig . 13 and the 50 year event va lues are 
s h o w n plotted aga ins t the va lues wi th the 50 year wind in the 
wors t d i rect ion in F ig . 14. 

Expected maximum values 
Having found va lues of the p ressure X for var ious return per iods 
(R) , we can now cons ider the m a x i m u m va lue that can be 
expec ted to occu r within a given l i fet ime. 

It is evident from F ig 
funct ion of log R, i.e. 

1 / 

13 that the p ressu re X is e f fec t ive ly a l inear 

X = X.„ + ' ' a l o g e ( R / 5 n ) (20) 

where X,„ is the 50-year return period va lue and a is a cons tan t 
from which 

N = l / R = l / 5 0 e - a ( X - X " (21) 

where N is the average number of o c c a s i o n s per year that X wi l l 
be e x c e e d e d . (N here is the number of s ta t i s t i ca l l y independent 
even ts and shou ld not be con fused wi th N x w h i c h is the total 
number of even ts per year.) 

The expec ted number of s u c h o c c u r r e n c e s in T y e a r s is thus NT. 
A s s u m i n g a P o i s s o n distr ibut ion for the a r r i va ls , then the 
probabil i ty Pj of X not being exceeded in T y e a r s is given by 

- NT - T / 5 0 e 
Pj = e = e 

a ( X - X „ ) 

wh ich , for a des ign l i fet ime of 50 y e a r s , reduces to 

- a ( X - X . „ ) 
- e 

P,„ = e 

(22) 

(23) 

Equat ion (23) wil l be recognized a s an FT-1 d is t r ibut ion, Equa t ion 
(4). T h e expec ted m a x i m u m value X that wi l l occu r dur ing the 
des ign l i fet ime wil l be the mean of th is d ist r ibut ion wh ich , from 
Equat ion (6) is given by 

x = x,„ + 
0.577 (24) 

The va lue of a c a n be found convenient ly from Equat ion (20) thus 

' / a = (X - X , „ ) / l o g e 2 

.-. X = 0.168X,„ + 0.832 X„„ , (25) 
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F i g . 15 
Ex te rna l p r e s s u r e s : 
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A l l owance for uncer ta in ty 
The convent iona l def ini t ion of the cha rac te r i s t i c wind load a s 
noted above is that load wh ich o c c u r s wi th the 50-year wind 
ac t ing in the wors t direct ion for the member under cons idera t ion . 
It is evident that th is wi l l a l w a y s be an upper bound to the load 
wh ich wi l l occu r once in 50 y e a r s . (The two v a l u e s would be the 
s a m e if the p ressu re coef f ic ient at the point w a s the s a m e for al l 
wind d i rec t ions , for examp le , at the top of a c i r cu la r dome.) It 
fo l lows that a l though the cha rac te r i s t i c va lue of the p ressure , if 
def ined in th is way , is not a very good es t imate , it wi l l tend to be 
on the s a f e s ide and the probabil i ty that it wi l l be exceeded wil l be 
cor responding ly reduced. 
In con t ras t , the expec ted m a x i m u m value dur ing a spec i f i ed 
des ign l i fet ime a s derived above wi l l , by def in i t ion, be a better 
predict ion. It wi l l , in fact , have roughly a 5 0 % probabi l i ty of being 
exceeded (the expec ted va lue is taken here a s the mean of the 
ex t reme va lue dist r ibut ion and the mean and the med ian are not 
very di f ferent) . T h i s logical ly requires a larger fac tor of sa fe ty to 
be appl ied in the des ign . 
In order to determine an appropr iate load factor to use in th is 
c a s e the method conta ined in the draft Part 2 of the rev ised CP110 
and desc r ibed in more deta i l in re ference (7) h a s been used . The 
b a s i s of that method is that the required u l t imate s t ruc tura l 
r es i s t ance R u is related to the expec ted m a x i m u m load ef fect S 
a s fo l lows: 

R u J> 0.94S (1 + 4.8^(0.01 + 0.77v (26) 

where v is the coef f ic ient of var ia t ion of S . 
In th is c a s e the expec ted va lue is given by Equat ion (24) and al l 
that is required is to find an appropr ia te va lue for v. 

The uncer ta in ty is made up of two par ts : 
(a) The poss ib i l i ty of an ex t reme wind occur r ing in a cr i t ica l 
d i rect ion a s s u m i n g that the s ta t i s t i ca l a n a l y s i s is correct : i.e. the 
var iabi l i ty of the wind c l ima te i tself . 
(b) T h e uncer ta in t ies in the s ta t i s t i ca l a n a l y s i s , the wind 
s imu la t ion and the p ressure read ings , i.e. the uncer ta in ty in our 
unders tand ing of the wind c l imate . 
The e f f ec t s of (a) c a n be determined from the proper t ies of the 
FT-1 d ist r ibut ion for wh ich the s tandard deviat ion is given by 
Equa t ion (7). 
For (b) a va lue of 1 0 % h a s been taken : 
Combin ing the uncer ta in t ies 

' - ± I 1.282 y 
r ' ax ' 

L 2 2 
0.1 (27) 
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In order to compare th is approach wi th the t radi t ional def in i t ion 
of the cha rac te r i s t i c va lue, the resu l t s from Equat ion (26) have 
been div ided by a load factor of 1.6 to produce equivalent work ing 
loads and these are s h o w n plotted in F ig . 15. 
T h e resu l ts , in th is c a s e , show that the t radi t ional def ini t ion is 
general ly quite adequa te for the bulk of the resu l t s . However , it 
ove res t ima tes the higher s u c t i o n s , where the e f f ec t s descr ibed 
above wil l be most p ronounced, by up to 2 0 % . 

I N T E R N A L P R E S S U R E S 
Gene ra l 
In addi t ion to the ex te rna l p r e s s u r e s a s m e a s u r e d in the wind 
tunnel test , a l l o w a n c e must be made for the internal p r e s s u r e s 
wi th in the bui ld ing. 

3 ' • 
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F i g . 17 
Tota l p r e s s u r e s v. ex terna l p r e s s u r e s 

For the c a s e of full a i r -condi t ioning and c ladd ing wh ich is 
nominal ly air t ight, the permeabi l i ty of the outer sk in of the 
bui lding, under normal cond i t ions , wi l l be very low. The internal 
p ressu re wi l l therefore be largely governed by the d ispos i t ion of 
the A / C in take and e x h a u s t , the e f fec t of wh i ch is di f f icul t to 
quant i fy , even when th is in format ion is ava i lab le . 
CP3 Chapter V s u g g e s t s , in s u c h c a s e s when there is a 'negl ig ib le 
probabi l i ty ' of a dominant opening occur r ing , p ressu re 
coe f f i c i en ts of +0.2/-0.3, wh ichever is more onerous . Compar ing 
these with the m a x i m u m relevant coe f f i c i en ts for the ex te rna l 
p r e s s u r e s in the s a m e code ( - 1.2/+ 0.8) i nd ica tes an ex t ra 1 7 % 
or 3 8 % on negat ive and posi t ive ex te rna l p r e s s u r e s respect ive ly . 
G u i d a n c e on internal p r e s s u r e s is a l so given by the C a n a d i a n 
Wind Code, wh i ch for th is c a s e i nd i ca tes p r e s s u r e s of the order of 
± 0.5 k P a for the c a s e without dominant open ings . 
The H K Wind Code requi res a va lue of + 0 . 6 P / - 0 . 5 P (where P is 
the b a s i c p ressure ) for nomina l ly airt ight s u r f a c e s and ±0.9P for 
s u r f a c e s wh ich are openable or b reakab le . 

If dominant open ings c a n occu r (in th is contex t a s ing le broken 
w indow cou ld be cons ide red a s a dominant opening) then the 
C a n a d i a n code s u g g e s t s apply ing a gust factor of 2.5 to the 
f igures quoted above i.e. ± 1.25 k P a . 
The UK code for th is condi t ion g ives var ious v a l u e s for p ressu re 
coe f f i c i en ts depending on where the opening o c c u r s , up to a 
m a x i m u m of + 0 . 6 / - 0 . 9 leading to ex t ra p r e s s u r e s of 5 0 % and 
1 1 0 % respect ive ly . 
T w o des ign c a s e s c a n t hus be ident i f ied: f i rst the normal 
s i tuat ion in wh i ch the outer sk in of the bui lding rema ins intact , 
the second when a dominant opening o c c u r s . 

m e c h a n i c a l adm i t t ances are f requency-dependent , th is h a s to be 
done by cons ider ing the spec t ra . The comple te procedure is i l lu
s t ra ted in F i g . 6. If w ind tunnel t es t s are used , the spec t ra of the 
ae rodynamic f o r ces wi l l be measu red , s o the ae rodynamic admit
t ance is incorporated by ana logue, not ca lcu la t ion . 
The m e c h a n i c a l admi t tance is usua l ly divided into two par ts : 
ca l cu la t i ng the background (or broadband or quas i -s ta t i c ) o B and 
the resonant (or narrow band) o D , componen ts . 
Seve ra l modes may cont r ibute to the total f luc tuat ing response . 
T h e cont r ibu t ions f rom e a c h mode (provided the modes are suf f i 
c ient ly separa ted in period) may be combined a s s u m i n g they are 
uncor re la ted . 

Oj = \j o t
 2 + o 2

2 + o 3

2 + etc 

where o , etc . are the cont r ibu t ions from e a c h mode. 

Peak r e s p o n s e s 
Peak r e s p o n s e s are obta ined by adding ex t reme va lues of the f luc
tuat ing componen ts to the mean response , a s descr ibed in E q u a 
t ions 13 and 14 of David C ro f t ' s paper. The c y c l e f requency v of the 
resonant component is the natura l f requency of v ibrat ion. A lower 
c y c l e f requency is appropr ia te for the background componen ts . 
E S D U 76001 ob ta ins peak r e s p o n s e s a s fo l lows: 

where g =vM2 logenoT) + 

+ 7 I 3 . 5 o B ( E ) ] 2 + [ g o D ( E ) | 2 

0 577 
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WIND T U N N E L T E S T S 
R e a s o n s for w ind tunne l tes t ing 
The l imi ta t ions of code-based methods are obv ious, s i n c e they 
n e c e s s a r i l y re late to genera l and uniform s i tua t ions . The re are 
many i n s t a n c e s when it is v i r tual ly imposs ib le to es t ima te s o m e of 
the pa ramete rs required wi th any degree of con f idence. 
Wind tunnel tes t ing c a n give a more detai led and conf ident predic
t ion if properly spec i f i ed and conduc ted . T h e resu l t s are presented 
in s ta t i s t i ca l form and are su i tab le , in con junc t ion with a w ind 
c l imate model , to give response level/probabi l i ty pred ic t ions for 
limit s ta te des ign based on rel iabi l i ty pr inc ip les . Wind tunnel 
test ing is par t icu lar ly appropr ia te if: 
(a) T h e bui lding h a s an unusua l shape , and therefore uncer ta in 
ae rodynamic propert ies. 
(b) T h e bui lding h a s unusua l dynam ic c h a r a c t e r i s t i c s s u c h a s 
coupled modes , s t rong tors ion, low damping. 
(c) T h e incident w ind is di f f icul t to charac te r i ze , e.g. major 
topograph ica l f ea tu res or c h a n g e s in terra in roughness ups t ream. 
(d) Sur round ing tal l bu i ld ings are l ikely to interfere by wake buf
fet ing. 

(e) S imp le code methods ind icate there cou ld be a problem. 

At th is point it is worth bear ing in mind the involvement in t ime and 
cos t that a wind tunnel invest igat ion is l ikely to enta i l , and to con
s ider other potent ia l s o u r c e s of error that must a l s o be tack led to 
make it wor thwhi le . T h e model test is only part of the procedure 
and the va lue of the end resul t a l so depends heavi ly on: 

(a) Wind climate data 
Mean r e s p o n s e s i nc rease a s V 2 , but purely resonant r e s p o n s e s 
(e.g. acce le ra t ion ) i nc rease typ ica l ly a s V 3 to V 3 5 . A 1 0 % error in 
w indspeed may therefore give a 20 -30% error in peak loads and a 
30-40% error in acce le ra t i ons . 
(b) Structural properties 
The most d i f f icu l t s t ruc tura l parameter to es t ima te is the damp ing . 
Only the resonant response is a f fec ted , but if the es t imated damp
ing is in error by a factor of 2, the acce le ra t ion level wi l l be in error 
by 4 1 % . Tota l loads are l e s s sens i t i ve b e c a u s e mean and 
background componen ts a l s o contr ibute. However , it is worth
whi le examin ing a range of damping ra t ios in a s s e s s i n g the 
resu l t s . 
The pr inc ipal t ypes of w ind tunnel model are now d i s c u s s e d . 

Ae roe las t i c mode ls 
Ae roe las t i c mode ls at tempt to s imu la te complete ly the in teract ion 
between the wind and the s t ruc tu re 6 . The bui lding model h a s s c a l 
ed dynam ic propert ies ( inert ia, s t i f f ness , damping) and the test is a 
direct ana logue of ful l s c a l e behaviour. In th is way the total 
r esponse of the bui lding is m e a s u r e d , usua l ly by a b a s e ba lance , 
and by acce le rome te rs in the model . There are two b a s i c t ypes : 
(a) Stick models 
T h e s e are rigid models mounted on g imba ls at the base , a s i l lus
trated in F ig . 7. Only two ( l inear) t rans la t iona l modes c a n be 
s imu la ted . 
(b) Multi degree-of freedom models 
T h e s e are complex mode ls incorporat ing lumped m a s s e s and stiff
n e s s e lemen ts a s i l lustrated in F i g . 8. To rs ion , coupled t rans la t ion-
tors ion modes , and s e c o n d modes can be s imu la ted but the des ign 
and cons t ruc t ion of s u c h mode ls is very involved. 
The mult i degree-of- f reedom model is the most soph i s t i ca ted 
method of predict ing the response of a tal l bui lding. The fo l lowing 
advan tages and d i s a d v a n t a g e s shou ld be noted. 

Advan tages : 
(a) Direct measuremen t of total r esponse 
(b) Ae rodynamic damping/ ins tab i l i ty e f f e c t s are model led. 
(c) Comp lex s t ruc tu ra l propert ies, inc luding e f f ec t s of s e c o n d 

modes , can be s imu la ted . 
(d) Rea l - t ime interact ion between fo rces in d i f ferent d i rec t ions is 

obta ined. 
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Generalized modal properties 
It is convenient to a s s e s s the total dynam ic response of bu i ld ings 
under wind loading in 'modal componen ts ' , that is to determine the 
r e s p o n s e of the s t ruc tu re to the f luc tuat ing ae rodynamic f o r ces 
separa te l y for e a c h natura l mode of the s t ruc ture and then to com
bine the responses . E a c h mode may be a complex 3-D shape , but 
the a n a l y s i s c a n be s impl i f ied by introducing the concept of 
genera l ized modal propert ies. 

E a c h mode of v ibrat ion c a n be t rans fo rmed and represented by a 
s ing le genera l ized m a s s , a s ing le genera l ized s t i f f n e s s and a 
s ing le genera l ized d i sp lacement , wh i ch are ana logous to the 
pa rame te rs descr ibed above for a s imp le one-degree of f reedom 
s t ruc ture . The t rans format ion e n s u r e s that the overal l d y n a m i c 
proper t ies (natural f requency, v ibrat ional energy, etc.) are unaf
fec ted but it e l im ina tes al l the degrees of f reedom except one (the 
genera l ized d isp lacement ) . The forc ing funct ion (ae rodynamic 
force) is a l so t rans fo rmed into a genera l ized force. 
T h e genera l ized d i sp lacemen t , def in ing the magni tude of the 
modal response , is ca l cu la ted from the genera l ized force and the 
genera l ized dynam ic propert ies accord ing to the pr inc ip les given 
above. The de f lec t ions at spec i f i c phys i ca l points on the bui lding 
are obta ined by mul t ip ly ing by the mode s h a p e funct ion \i, wh i ch 
de f i nes the def lect ion at every point re lat ive to the genera l ized 
d i sp lacemen t of the mode being cons ide red . 
T h e t rans format ion procedures are brief ly given in Append ix A. 
W a r b u r t o n 2 g ives a more r igorous and deta i led t reatment. 

PREDICT ION O F DYNAMIC P R O P E R T I E S O F BUILDINGS 
E s t i m a t e s of the natura l f requenc ies , m o d e s h a p e s and the damp
ing ra t ios of a bui lding are pre-requisi te for dynamic r esponse 
pred ic t ions. 

Natural frequencies and modeshapes 
Natura l f requenc ies and m o d e s h a p e s are found by so lv ing the 
equat ion 

[ K - a; 2 M ] x = 0 

where K is the s t i f f n e s s matr ix of the s t ruc ture 
M is the m a s s matr ix 
X is the m o d e s h a p e vector 

w2 is the vector of (natura l c i r cu la r f r e q u e n c i e s ) 2 

In theory there are a s many modes and f requenc ies in a s t ruc tura l 

s y s t e m a s there are degrees of f reedom. In p rac t i ce only the f i rst 
few modes (i.e. those wi th the lowest f requenc ies ) a re relevant to 
w ind response . 
Fo r p rac t i ca l bui lding s t ruc tu res a number of a p p r o a c h e s are 
poss ib le wh ich inc lude: 

(a) Simple methods 
For normal ly proport ioned bui ld ings the f irst natura l period is 
usua l l y given approx imate ly by T = H/50 s e c o n d s where H is total 
height in met res . T h i s is ent i rely empi r ica l but is a use fu l c h e c k 
aga ins t g ross errors in more detai led a s s e s s m e n t s . 
Another s imple approach is given by T = \fA. 

' 2 0 
where 6 is the top def lec t ion in mm under a d is t r ibuted hor izontal 
load equal to the weight of the bui lding. 
(b) Tabulated data 
In genera l c l a s s i c a l ' so lu t i ons for e l as t i c b e a m s and can t i l eve rs 
are of l imited use for p rac t i ca l bui lding forms. However , there are 
E S D U da ta i t e m s 3 wh ich give approx imate methods of predict ing 
modes and f requenc ies for core or shea r type bui lding s t ruc tu res . 

(c) Standard computer programs 
T h e G L A D Y S dynamic program c a l c u l a t e s natura l modes and fre
q u e n c i e s for core or shea r type mult i -storey s t ruc tu res , provided 
the modes are p lanar. T h e S T A N f inite e lement program c a n be 
used for more comp lex s t ruc tu res . 

(d) Special computer programs 
S o m e s t ruc tu res c a n be so lved most e f fect ive ly by mak ing a s imp le 
lumped m a s s ideal izat ion. The m a s s matr ix and s t i f f n e s s matr ix 
c a n be a s s e m b l e d and t hee igen so lut ion c a n be performed di rect ly 
us ing s tandard matr ix rout ines in a purpose-wr i t ten program. T h i s 
is i l lust rated in the c a s e s tudy. 

If the more detai led methods are to prove wor thwhi le a number of 
po in ts shou ld be cons ide red : 
(a) How wil l t h e ' r e a l ' s t ruc tu ra l behaviour a f fec t the s t i f f n e s s (com
pared with s impl i f ied a s s u m p t i o n s made for the pu rposes of 
s t rength des ign)? There may be addi t ional f raming e f f ec t s , and 
non-st ructura l e l emen ts may par t ic ipate. 
(b) For a re inforced conc re te bui lding the e las t i c modu lus c h o s e n 
shou ld ref lect dynamic loading ra tes. 
(c) How much of the imposed load should be inc luded in the m a s s 
of the bui ld ing? 

Damping 
T h e degree of damping is di f f icul t to predict with a c c u r a c y . 
M e a s u r e m e n t s on comple ted bui ld ings have shown a wide var ia
t ion wh ich h a s in s o m e c a s e s been ampl i f ied by the severa l 
methods of measuremen t adopted. 
S t ruc tu ra l damping is c a u s e d by the hys te res i s of the mater ia l of 
the s t ruc ture , and i n c r e a s e s with v ibrat ion ampl i tude a s the 
mater ia l 'wo rks ' harder. In addi t ion ae rodynamic damping c a u s e d 
by the relat ive movement of the air and the bui lding is present . T h i s 
i n c r e a s e s with the wind veloci ty . G u i d a n c e on v a l u e s to be adopted 
for t hese paramete rs is g iven in E S D U 7 6 0 0 1 4 . but a more deta i led 
E S D U da ta i tem on s t ruc tu ra l damping wil l soon be re leased . 

C A L C U L A T I O N O F R E S P O N S E S 
In th is sec t ion the term response ' refers to any of the fo l lowing eff
e c t s measu red or ca l cu la ted at any point of interest : 
F o r c e s or moments 
Def lec t ions 
Acce le ra t i ons . 
A number of code methods are ava i lab le , notably the a long-wind 
response method of E S D U 76001 (ava i lab le in G L A D Y S Dynamic ) 
and the detai led method ' of the Nat ional Bui ld ing Code of 
C a n a d a 5 . T h e N B C C a l s o g i v e s g u i d a n c e on a c r o s s - w i n d 
r e s p o n s e s based empi r ica l ly on ae roe las t i c wind tunnel s tud ies of 
tal l bui ld ings. T h e pr inc ip les of the ca l cu la t i ons are out l ined 
below. S im i la r p rocedures are required when us ing wind tunnel 
tes t m e a s u r e m e n t s of a e r o d y n a m i c f o r c e s to predict total 
r e s p o n s e s . 

Information required 
It is n e c e s s a r y to es tab l i sh : 
(a) The mean hourly des ign wind speed . A more detai led w ind 
c l ima te s tudy inc luding d i rect iona l a n a l y s i s may be appropr ia te 
when us ing wind tunnel t e s t s . 
(b) The ups t ream terrain c h a r a c t e r i s t i c s . T h e s e def ine the wind 
veloc i ty prof i les and turbu lence c h a r a c t e r i s t i c s . 
(c) T h e dynamic propert ies of the bui lding. 

Mean responses 
Mean fo rces , moments , de f lec t ions , etc. , are ca l cu la ted in a tradi
t ional s ta t i c way, us ing the mean wind veloci ty p ro f i l eand bui lding 
drag coef f i c ien t . A wind tunnel test wil l m e a s u r e the mean fo rces 
and moments direct ly. 
Fluctuating responses 
T h e procedure is to obta in the rms of the required response from 
the rms of the incident wind gus t s . S i n c e the ae rodynamic and 

The e f fec t of an opening occur r ing in a c r i t i ca l posi t ion h a s been 
s tud ied us ing the E x c h a n g e S q u a r e test resu l ts by sub-dividing 
them into groups in e a c h tower and at the s a m e level. For each 
locat ion and for e a c h wind d i rect ion the ef fect of an opening 
occur r ing at e a c h other locat ion at the s a m e level is cons idered 
and the worst c a s e found. 
F i rs t , however, it is n e c e s s a r y to determine the re la t ionship 
between the p ressu re ins ide and the p ressu re immediate ly 
outs ide an opening. T h i s wi l l depend on how quick ly the internal 
p ressure c a n fol low the c h a n g e in p ressu re outs ide. T h i s is 
exam ined in detai l in Re fe rence (5) where it is s h o w n that the t ime 
t in s e c o n d s to reach equi l ibr ium is given by 

t = 2 . 5 x 1 0 " ' ( V / A ) v S p (28) 

where V is the vo lume (m 1 ) , in th is c a s e of one floor of the 
bui lding. 
A is the a rea ( m 2 ) of the opening. 
Ap is the init ial p ressu re d i f fe rence between inside and 
outs ide (Pa) . 

Tak ing V = 4000 m ' , A = 2 m 2 and cons ider ing , for examp le , 
locat ion 15 wind direct ion 45° , the t ime taken for the internal 
p ressu re to c h a n g e from the mean va lue (800Pa) to the m a x i m u m 
negat ive va lue (4370 Pa) wil l be 

t = 2.5 X 10" 'x 4 ^P \ /3570 = 3 s e c s . 

If, however, the f loor is subdiv ided by part i t ions the vo lume wil l be 
d e c r e a s e d and hence the t ime taken to reach equi lbrum could be 
somewha t l e s s . 
T h e conserva t i ve assump t i on c a n therefore be made that the 
internal p r e s s u r e s wi l l be equal to the one-second ex terna l 
p ressu res immedia te ly ou ts ide an opening. 

Having determined the internal p ressu re it is n e c e s s a r y to dec ide 
how it wil l combine with the ex te rna l p ressure at another locat ion. 
T h i s wi l l depend on whether or not the p r e s s u r e s are corre la ted. In 
th is c a s e it s e e m s reasonab le to a s s u m e zero corre lat ion and the 
total p ressu re p c a n then be es t ima ted from 

p = p e + Pj + V\ (Pe - P e ) 2 + (Pi - Pi> 2l (29) 

where p e p e are the ex terna l mean and gust va lues 

Pi Pi are the internal mean and gust va lues . 

The m a x i m u m resul tant p ressu re obta ined in th is way o c c u r s 
aga in at locat ion 15 with an opening at locat ion 10 a s i l lustrated 
in F ig . 16. T h e m a x i m u m outward one-second p ressu re is given by 

p = 0.8 +1 .09 + v/"l (4.37 - 0 . 8 ) 2 + (2.04 - 1.09) 2I 
= 5.58 k P a 

T h i s rep resen ts an i nc rease of 2 8 % on the ex terna l p ressure , 
wh i ch by co i nc i dence ag rees wel l wi th the va lue of 3 0 % 
sugges ted by the Amer i can c ladd ing consu l tan t on the project a s 
being common prac t ice in the U S A . 
There is a coro l lary , however, to th is ca l cu la t i on . If an opening 
o c c u r s at locat ion 15 then, for the s a m e wind d i rect ion (45°), the 
resul tant inward p ressu re at locat ion 10 wil l a l so be 5.58 k P a , an 
i nc rease of 1 7 0 % on the ex terna l p ressure . 
C o m m o n s e n s e , however, s u g g e s t s that if locat ion 15 is des igned 
for a greater p ressu re than locat ion 10 then the probabi l i ty of an 
opening at locat ion 15 wil l be l e s s than that at 10 and therefore 
the des ign p ressu re at the latter shou ld be lower. T h e re la t ionship 
between st rength required to that provided c lear ly a f f e c t s the 
probabi l i t ies in a w a y that is d i f f icul t to quant i fy . 
In F ig . 17 total p ressu res at e a c h point are plotted aga ins t 
ex terna l p r e s s u r e s . It wil l be seen that in vir tual ly al l c a s e s the 
ratio e x c e e d s the sugges ted va lue of 1.3. T h e e f fec t is more 
pronounced for inward p r e s s u r e s and it is apparent that a cr i t ica l 
condi t ion wi l l , in theory, a r i se if an opening o c c u r s at a point of 
high suc t i on . It shou ld , however, be noted that b reakage is i tself 
an unl ikely event and if accoun t cou ld be taken of th is probabi l i ty 
the des ign v a l u e s would be cor responding ly reduced. 
Unfor tunately, th is is not readi ly quant i f iab le . 
The c o n c l u s i o n s that c a n be d rawn from th is are, to a cer ta in 
extent , ph i losoph ica l . On the one hand it can be argued that the 
des ign p ressu re at any one level shou ld be the s a m e and th is is 
compat ib le with the benef i ts of ma in ta in ing uni formity of 
s t rength and deta i l . A l ternat ive ly , it can be argued that the best 
protect ion is to s t rengthen these cr i t i ca l a r e a s and hence reduce 
the possib i l i ty of b reakage occur r ing there. Fur thermore , shou ld a 
breakage occur then it could be regarded a s an ex t reme c a s e in 
wh i ch a reduced factor of sa fe ty would be jus t i f ied . 
However , a s d i s c u s s e d in the next sec t i on , internal p r e s s u r e s are 
not the only d i f f icul ty. 

DESIGN V A L U E S 
T h e var ious fac to rs that c a n logical ly be cons ide red in deter
mining des ign p ressu re inc lude the fo l lowing: 
(1) Var ia t ion of p ressu re at e a c h locat ion with wind d i rect ion 
(2) Var ia t ion of probabi l i ty of w ind speeds occur r ing wi th wind 

direct ion 
(3) Internal p r e s s u r e s and des ign s c e n a r i o s 
(4) Poss ib i l i t y of knock-on e f f ec t s , i.e. damage to other pane ls 

c a u s e d by the fa i lure of one panel 
(5) The var iabi l i ty of c ladd ing s t rength inc lud ing t ime-depen

dency 
(6) The des ign l i fe of the c ladd ing 
(7) A c c e p t a n c e cr i ter ia . A s s u m i n g s o m e fa i lu res (e.g. broken 

w indows) dur ing the des ign l i fet ime are accep tab le , how 
many, how o f ten? What level of sa fe ty is requi red? 

(8) Statutory requ i rements 
(9) Other fac to rs bes ides s t rength wi l l of ten govern the des ign , 

e.g. uni formity of g l a s s t h i c k n e s s , colour and f l a t n e s s , 
repeti t ion of deta i ls , light and heat t r a n s m i s s i o n , durabi l i ty , 
e tc . 

(10) Con t rac tua l mat te rs inc luding the spec i f i ca t i on , des ign 
respons ib i l i t ies and gua ran tees , load test requ i rements e tc . 

Of th is l ist I tems 1-3 have been d i s c u s s e d in the s e c t i o n s on w ind 
c l imate and internal p r e s s u r e s above. Item 4 is not readi ly 
quant i f iab le and i tems 8-10 are beyond the s c o p e of th is paper. 
Under Item 5 it is worth not ing that when cons ider ing the s t rength 
of g l a s s , the appropr ia te averag ing interval may wel l be of a 
longer durat ion b e c a u s e of the reduct ion in s t rength wi th 
durat ion of load. For examp le , the ratio of the one-second 
s t rength to the one-minute s t rength may wel l be greater than the 
rat io of one-second to one-minute p r e s s u r e s . 
I tems 6 and 7 c a n , in theory at least , be dec ided by the des igner 
a l though des igne rs are notor ious ly (and jus t i f iab ly ) coy about 
def in ing des ign l i fe t imes for their bui ld ings. ( Inc identa l ly , it is 
worth noting that if a bui lding h a s 500 w i n d o w s e a c h exac t l y 
des igned for the 50-year event, it does not fol low, a s is s o m e t i m e s 
sugges ted , that 10 w indows wil l break e a c h year . The loads on 
individual e lemen ts are not s ta t i s t i ca l l y independent events. ) 

C O N C L U S I O N S 
A number of c o n c l u s i o n s c a n be summar i zed a s fo l lows: 
(1) T h e dec is ion to embark on a wind tunnel test is not one that 
shou ld be taken l ightly. A l though s u c h tes ts wi l l usua l ly give a 
better qual i ta t ive unders tand ing of the e f f ec t s of w ind on the 
bui ld ing, c l i en ts and a r ch i t ec t s normal ly expec t more tang ib le 
benef i ts . If the resu l t s are to be used quant i ta t ive ly , great c a r e 
must be taken when spec i f y i ng the test and in interpret ing the 
resu l t s a s the latter wi l l , to a large extent , ref lect the va r i ous 
a s s u m p t i o n s made. 

(2) T h e wind tunnel path leads immediate ly a w a y from the c o s y 
wor ld of de te rmin is t i c p ressu re coe f f i c ien ts and the des igner 
must be prepared to accep t that the resu l t s wi l l be in the form of 
probabi l is t ic s t a temen ts wh ich may not readi ly be a s s i m i l a t e d 
into the des ign p r o c e s s . In par t icu lar it requ i res a c c e p t a n c e 
cr i te r ia that are a l s o probabi l is t ic in form. 

(3) In some c a s e more benefit wi l l be ach ieved at l e s s e x p e n s e and 
in a shor ter t ime by a s tudy of the loca l c l imate and the e f f ec t s of 
local topology than by car ry ing out a wind tunnel test . 
(4) If in format ion is ava i lab le on the d i rect ional probabi l i t ies of the 
w ind c l imate then lower des ign p r e s s u r e s c a n be obta ined by 
integrat ing the wind tunnel resu l t s wi th the w ind c l ima te . 
However , if th is is done then cau t ion must be e x e r c i s e d a s 
convent iona l load fac to rs may not be appropr ia te to the resu l t ing 
p r e s s u r e s . 
(5) Internal p r e s s u r e s are di f f icul t to dea l with in a logical manner 
and the quest ion of the appropr ia te des ign s c e n a r i o requ i res 
resolut ion. 
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Structural response 
Michael Willford 
SYNOPSIS 
The trend in building design towards taller, lighter and more f lexible 
forms h a s led to bui ldings that can be suscept ib le to s igni f icant 
dynamic wind responses . The responses that are of primary concern 
are 
(a) Peak st ructural loads (enhanced by dynamic magnif icat ion) 
(b) Peak sway def lect ions (enhanced by dynamic magnif icat ion) 
(c) Fat igue cyc l ing 
(d) Movements that are perceptible to occupan ts . 
Tradi t ional quas i -s ta t ic methods cannot adequately predict the 
behaviour of dynamica l ly sens i t ive s t ructures. 
The aim of this paper is to outl ine the bas i c pr inciples involved and to 
descr ibe some of the methods that are current ly avai lab le a s design 
tools. It is seen that the predict ion procedure is a three-part p rocess : 
(1) Determine the propert ies of the wind at the s i te 
(2) Determine the overal l aerodynamic forces on the building 

including the spect rum of the f luctuat ing components 
(3) Determine the dynamic response of the building to these 

forces. 

WIND F O R C E S ON BUILDINGS 
Wind flow around bui ldings is descr ibed in Sect ion 2 of David Cro f t ' s 
paper on su r face p ressures , and in more detai l by L a w s o n 1 . 
A building standing in a f low of turbulent wind will be sub jected to 
randomly f luctuat ing aerodynamic forces in the along-wind (drag), 
c ross-wind (lift) and torsional d i rect ions a s i l lustrated in F ig . 1. All 
these forces will depend on the direct ion, velocity profile and tur
bulence charac te r i s t i cs of the incident wind, and a lso on the shape 
of the building. Al though ana ly t ica l methods exis t to predict the 
along-wind forces (provided the wind charac te r i s t i cs and drag coef
f icient of the building, including any variat ion with height, are 
known) in general , model test ing techn iques are required to obtain 
full information. Rigid models mounted on base ba lances may be 
used for this purpose with the fol lowing qual i f icat ions: 

(I) Reynold's number effects 
One of the compromises invariably required in the wind tunnel 
modell ing of s t ruc tures in s imula ted boundary layer f lows is a mis
match of Reyno ld 's number. Th i s is not important when deal ing with 
sharp-edged s t ruc tures (e.g. rectangular buildings) because the flow 
separat ion points are def ined by the geometry of the structure. 
However for more st reaml ined bodies, such a s cy l indr ical ch imneys , 
the separat ion points are related to Reyno ld 's number and it is not 
normally possib le to obtain rea l is t ic resu l ts from a sma l l - sca le test. 

(it) Aeroelastic effects 
Aeroelast ic i ty is the phenomenon of the interact ion of aerodynamic 
forces and structural movements. T h i s can lead to aerodynamic inst
abil i ty where s u c c e s s i v e osc i l la t ions of a structure af fect the 
aerodynamic fo rces in such a way a s to further exc i te the osc i l la t ion. 

Th i s is a problem that can be encountered in s lender ch imneys and 
long-span suspens ion bridge decks for example . It is not normally a 
considerat ion in bui ldings. 
In the absence of aeroe las t ic e f fec ts the total response of a building 
can be ca lcu la ted using aerodynamic forces measured on rigid 
models (or est imated analy t ica l ly) and the structural dynamic pro
pert ies of the building, a s wil l be i l lustrated later. In this ca lcu la t ion 
aerodynamic forces are required in mean and f luctuat ing com
ponents, not s imply peak va lues. F luc tuat ing components are 
exp ressed a s rms va lues (giving the total magni tude of f luctuat ions) 
and the power spect ra l densi ty (giving the frequency distr ibution of 
f luctuat ions). 
The e f fec ts of wind gus ts on the drag force are now d i s c u s s e d for a 
building with a nominal s ize B and drag coef f ic ient C D . 
If the ins tantaneous total wind speed is V = V + v 

where V 
and v 

mean hourly 
gust speed 

then total ins tan taneous drag force is 

F D = Vi p V 2 B 2 C D 

; p B 2 C o l V 2 + 2 V v i ignoring second order terms 

where FQ is the mean drag force F D ( 1 + ^ 

It can be seen that the f luctuat ions in F D are expected to be propor
t ional to the f luctuat ions in v. In pract ice this is not the c a s e over the 
full f requency range of gus ts for the fol lowing reasons : 

(i) Drag coef f i c ien t C Q is observed to vary somewha t with gust fre
quency . 
(ii) L a c k of corre lat ion of sma l l g u s t s (i.e. sma l le r in s c a l e than the 
bui lding s ize) over the bui lding s u r f a c e c a u s e s a reduct ion of drag 
force f luc tua t ions at higher f requenc ies . T h i s is known a s the 
ae rodynamic admi t tance ef fect , and its modi f ica t ion to the e f fec
tive drag coef f i c ien t is i l lust rated in F ig . 2. 

S T R U C T U R A L DYNAMICS 
A brief d i s c u s s i o n of the pr inc ip les and terminology of s t ruc tu ra l 
d y n a m i c s is given below, a s a n e c e s s a r y prel iminary to the descr ip
t ion of response to f luc tuat ing wind fo rces . 
Simple one-degree of freedom structure 
Re fe rence is f irst made to a very s imp le s t ruc ture i l lust rated in 
F ig . 3 , cons is t i ng of a m a s s M at the top of a light ver t ica l e las t i c 
cant i lever . The lateral s t i f f n e s s of the tip of the cant i lever is K (i.e. 
i ts lateral def lect ion under s ta t i c la tera l load P is P/K) . If the m a s s 
is d i sp laced lateral ly and then re leased , the s y s t e m wil l osc i l l a te 
from s ide to s ide with f requency n 0 where 

( H z i 2n •'M 

T h i s is the natura l f requency of the s t ruc ture . The def lec ted shape 
of the s t ruc ture when vibrat ing in a s ing le mode is referred to a s the 
modeshape . 
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Fig. 3 
One degree-of- f reedom st ructure 

If the s t ruc ture is left to osc i l l a te the ampl i tude of i ts motion wil l 
gradual ly decay a s energy is d i ss ipa ted in damping. Damping is 
usua l ly e x p r e s s e d a s £ wh ich is the proportion of the c r i t i ca l damp
ing of the s t ruc ture (cr i t ica l damping is the min imum damping 
n e c e s s a r y to c a u s e the s t ruc ture to move in one direct ion to rest 
af ter being re leased , with no osc i l la t ion) . P rac t i ca l s t ruc tu res are 
lightly damped with typ ica l ly 0 . 5 % to 2 % of c r i t ica l damping. 
S t ruc tu ra l damping c a n be es t ima ted from the decay rate of f ree 
osc i l la t ion a s fo l lows: 
The logar i thmic decrement 6 is def ined a s 

0 _ | o | amp l i tude in c y c l e N 
e amp l i tude In c y c l e N + 1 

and i = 6 12* 

If the s t ruc ture is now sub jec ted to a harmon ic force p = Psin2nnt 
appl ied to the m a s s , i ts r esponse wil l vary with the f requency of the 
force, n. a s i l lust rated in F i g . 4. 
For f requenc ies wel l below the natura l f requency of the s t ruc ture 
the response is quas i -s ta t i c , the i ns tan taneous force and def lec
tion being 

p = Ps in2r rn t 

x = Xs in2r rn t where X = P/K 

A s n a p p r o a c h e s n 0 a r e s o n a n c e occu rs c a u s i n g dynam ic 
magn i f i ca t ion of the response ampl i tude. When a s teady s ta te h a s 
been reached : 

X = m P / K 

where m m a x = ^ at n - n 0 

For lightly damped s t ruc tu res th is resonance o c c u r s over a narrow 
band of f requenc ies with a high r e s o n a n c e magn i f i ca t ion factor. 
Note that a s the damping rat io tends to zero the magn i f i ca t ion 
tends to inf ini ty. The s teady s ta te response t akes some t ime to 
build up. A f ract ion R of the s teady s ta te response wil l be ach ieved 
after N c y c l e s of s teady exc i ta t ion where 

N ^ - i o 9 e ( i - R ) 

2 * 4 

A s the appl ied f requency is i nc reased beyond n 0 the r esponse 
ampl i tude d e c r e a s e s rapidly. The inert ia of the s y s t e m i n c r e a s e s 
its apparent s t i f f n e s s to rapidly a l ternat ing fo rces . 
T h e var ia t ion of r esponse with f requency i l lustrated in F i g . 4 is 
known a s the m e c h a n i c a l admi t t ance of the s y s t e m . A s ind icated 
above, wind- induced fo r ces con ta in a wide spec t rum of f requen
c i e s . The m e c h a n i c a l admi t t ance is a t rans fer funct ion ' by wh ich 
the response spec t rum c a n be obta ined from the ae rodynamic 
force spec t rum. T h i s procedure is descr ibed below in the sec t ion 
on ca lcu la t i on of r e s p o n s e s . 
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Mechan ica l admi t tance 

Practical building structures 
The dynamic propert ies of p rac t i ca l bui lding s t ruc tu res lead to the 
s a m e genera l c h a r a c t e r i s t i c s a s those desc r ibed above. However, 
the prec ise formulat ion is more comp lex b e c a u s e 
(a) M a s s , s t i f f n e s s and loading are con t inuous ly d ist r ibuted, not 

convenient ly separa ted and loca l ized. 
(b) Bu i ld ings are th ree-d imens iona l . 
The con t inuous distr ibut ion of m a s s and s t i f f n e s s m e a n s that 
many modes of v ibrat ion are poss ib le , e a c h wi th i ts own natural 
f requency. A fami ly of lateral m o d e s h a p e s for one pr inc ipal direc
tion of a uni form tal l bui lding is s h o w n in F i g . 5 in order of inc reas
ing natura l f requency. A second fami ly of s im i la r mode s h a p e s wil l 
be present for a second pr inc ipal t rans la t iona l d i rect ion, and third 
fami ly for to rs iona l modes. In other words for a p rac t i ca l 3-D st ruc
ture there are three ' f irst modes ' , three second modes ' , etc. , where 
f i rst ' and ' s e c o n d ' descr ibe the genera l e levat iona l shape of the 

mode. 

If the m a s s and s t i f f n e s s cen t res do not co inc ide in plan 
throughout the s t ruc ture the modes wil l not be s imp le t rans la 
t ional and to rs iona l modes. The re wil l st i l l be three ' f irst modes ' 
but e a c h may con ta in a mixture of t rans la t ion and tors ion. T h i s is 
i l lust rated by F i g s . 10 to 12 show ing the ar rangement and 
m o d e s h a p e s of the Hongkong and S h a n g h a i B a n k Bui ld ing. 
In p rac t i ce it is found that genera l ly only the f i rst modes make any 
s ign i f i can t contr ibut ion to wind- induced response of tal l bui ld ings. 
S e c o n d modes may however become s ign i f i can t near the top of a 
bui lding. 

Ft rs t m o d e S e c o n d m o d e T h i r d m o d * e tc . — 

I n c r e a s i n g n a t u r a l f r e q u e n c y >v-

Fig. 5 
Modeshapes of tal l bui ld ings 
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SYNOPSIS 
The trend in building design towards taller, lighter and more f lexible 
forms h a s led to bui ldings that can be suscept ib le to s igni f icant 
dynamic wind responses . The responses that are of primary concern 
are 
(a) Peak st ructural loads (enhanced by dynamic magnif icat ion) 
(b) Peak sway def lect ions (enhanced by dynamic magnif icat ion) 
(c) Fat igue cyc l ing 
(d) Movements that are perceptible to occupan ts . 
Tradi t ional quas i -s ta t ic methods cannot adequately predict the 
behaviour of dynamica l ly sens i t ive s t ructures. 
The aim of this paper is to outl ine the bas i c pr inciples involved and to 
descr ibe some of the methods that are current ly avai lab le a s design 
tools. It is seen that the predict ion procedure is a three-part p rocess : 
(1) Determine the propert ies of the wind at the s i te 
(2) Determine the overal l aerodynamic forces on the building 

including the spect rum of the f luctuat ing components 
(3) Determine the dynamic response of the building to these 

forces. 

WIND F O R C E S ON BUILDINGS 
Wind flow around bui ldings is descr ibed in Sect ion 2 of David Cro f t ' s 
paper on su r face p ressures , and in more detai l by L a w s o n 1 . 
A building standing in a f low of turbulent wind will be sub jected to 
randomly f luctuat ing aerodynamic forces in the along-wind (drag), 
c ross-wind (lift) and torsional d i rect ions a s i l lustrated in F ig . 1. All 
these forces will depend on the direct ion, velocity profile and tur
bulence charac te r i s t i cs of the incident wind, and a lso on the shape 
of the building. Al though ana ly t ica l methods exis t to predict the 
along-wind forces (provided the wind charac te r i s t i cs and drag coef
f icient of the building, including any variat ion with height, are 
known) in general , model test ing techn iques are required to obtain 
full information. Rigid models mounted on base ba lances may be 
used for this purpose with the fol lowing qual i f icat ions: 

(I) Reynold's number effects 
One of the compromises invariably required in the wind tunnel 
modell ing of s t ruc tures in s imula ted boundary layer f lows is a mis
match of Reyno ld 's number. Th i s is not important when deal ing with 
sharp-edged s t ruc tures (e.g. rectangular buildings) because the flow 
separat ion points are def ined by the geometry of the structure. 
However for more st reaml ined bodies, such a s cy l indr ical ch imneys , 
the separat ion points are related to Reyno ld 's number and it is not 
normally possib le to obtain rea l is t ic resu l ts from a sma l l - sca le test. 

(it) Aeroelastic effects 
Aeroelast ic i ty is the phenomenon of the interact ion of aerodynamic 
forces and structural movements. T h i s can lead to aerodynamic inst
abil i ty where s u c c e s s i v e osc i l la t ions of a structure af fect the 
aerodynamic fo rces in such a way a s to further exc i te the osc i l la t ion. 

Th i s is a problem that can be encountered in s lender ch imneys and 
long-span suspens ion bridge decks for example . It is not normally a 
considerat ion in bui ldings. 
In the absence of aeroe las t ic e f fec ts the total response of a building 
can be ca lcu la ted using aerodynamic forces measured on rigid 
models (or est imated analy t ica l ly) and the structural dynamic pro
pert ies of the building, a s wil l be i l lustrated later. In this ca lcu la t ion 
aerodynamic forces are required in mean and f luctuat ing com
ponents, not s imply peak va lues. F luc tuat ing components are 
exp ressed a s rms va lues (giving the total magni tude of f luctuat ions) 
and the power spect ra l densi ty (giving the frequency distr ibution of 
f luctuat ions). 
The e f fec ts of wind gus ts on the drag force are now d i s c u s s e d for a 
building with a nominal s ize B and drag coef f ic ient C D . 
If the ins tantaneous total wind speed is V = V + v 

where V 
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mean hourly 
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then total ins tan taneous drag force is 

F D = Vi p V 2 B 2 C D 

; p B 2 C o l V 2 + 2 V v i ignoring second order terms 

where FQ is the mean drag force F D ( 1 + ^ 

It can be seen that the f luctuat ions in F D are expected to be propor
t ional to the f luctuat ions in v. In pract ice this is not the c a s e over the 
full f requency range of gus ts for the fol lowing reasons : 

(i) Drag coef f i c ien t C Q is observed to vary somewha t with gust fre
quency . 
(ii) L a c k of corre lat ion of sma l l g u s t s (i.e. sma l le r in s c a l e than the 
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d y n a m i c s is given below, a s a n e c e s s a r y prel iminary to the descr ip
t ion of response to f luc tuat ing wind fo rces . 
Simple one-degree of freedom structure 
Re fe rence is f irst made to a very s imp le s t ruc ture i l lust rated in 
F ig . 3 , cons is t i ng of a m a s s M at the top of a light ver t ica l e las t i c 
cant i lever . The lateral s t i f f n e s s of the tip of the cant i lever is K (i.e. 
i ts lateral def lect ion under s ta t i c la tera l load P is P/K) . If the m a s s 
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T h i s is the natura l f requency of the s t ruc ture . The def lec ted shape 
of the s t ruc ture when vibrat ing in a s ing le mode is referred to a s the 
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If the s t ruc ture is left to osc i l l a te the ampl i tude of i ts motion wil l 
gradual ly decay a s energy is d i ss ipa ted in damping. Damping is 
usua l ly e x p r e s s e d a s £ wh ich is the proportion of the c r i t i ca l damp
ing of the s t ruc ture (cr i t ica l damping is the min imum damping 
n e c e s s a r y to c a u s e the s t ruc ture to move in one direct ion to rest 
af ter being re leased , with no osc i l la t ion) . P rac t i ca l s t ruc tu res are 
lightly damped with typ ica l ly 0 . 5 % to 2 % of c r i t ica l damping. 
S t ruc tu ra l damping c a n be es t ima ted from the decay rate of f ree 
osc i l la t ion a s fo l lows: 
The logar i thmic decrement 6 is def ined a s 
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If the s t ruc ture is now sub jec ted to a harmon ic force p = Psin2nnt 
appl ied to the m a s s , i ts r esponse wil l vary with the f requency of the 
force, n. a s i l lust rated in F i g . 4. 
For f requenc ies wel l below the natura l f requency of the s t ruc ture 
the response is quas i -s ta t i c , the i ns tan taneous force and def lec
tion being 

p = Ps in2r rn t 

x = Xs in2r rn t where X = P/K 

A s n a p p r o a c h e s n 0 a r e s o n a n c e occu rs c a u s i n g dynam ic 
magn i f i ca t ion of the response ampl i tude. When a s teady s ta te h a s 
been reached : 
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where m m a x = ^ at n - n 0 

For lightly damped s t ruc tu res th is resonance o c c u r s over a narrow 
band of f requenc ies with a high r e s o n a n c e magn i f i ca t ion factor. 
Note that a s the damping rat io tends to zero the magn i f i ca t ion 
tends to inf ini ty. The s teady s ta te response t akes some t ime to 
build up. A f ract ion R of the s teady s ta te response wil l be ach ieved 
after N c y c l e s of s teady exc i ta t ion where 

N ^ - i o 9 e ( i - R ) 

2 * 4 

A s the appl ied f requency is i nc reased beyond n 0 the r esponse 
ampl i tude d e c r e a s e s rapidly. The inert ia of the s y s t e m i n c r e a s e s 
its apparent s t i f f n e s s to rapidly a l ternat ing fo rces . 
T h e var ia t ion of r esponse with f requency i l lustrated in F i g . 4 is 
known a s the m e c h a n i c a l admi t t ance of the s y s t e m . A s ind icated 
above, wind- induced fo r ces con ta in a wide spec t rum of f requen
c i e s . The m e c h a n i c a l admi t t ance is a t rans fer funct ion ' by wh ich 
the response spec t rum c a n be obta ined from the ae rodynamic 
force spec t rum. T h i s procedure is descr ibed below in the sec t ion 
on ca lcu la t i on of r e s p o n s e s . 

i x = X s i n ( 2 n n t +*•) 

p = P stn 2 n n t 
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Practical building structures 
The dynamic propert ies of p rac t i ca l bui lding s t ruc tu res lead to the 
s a m e genera l c h a r a c t e r i s t i c s a s those desc r ibed above. However, 
the prec ise formulat ion is more comp lex b e c a u s e 
(a) M a s s , s t i f f n e s s and loading are con t inuous ly d ist r ibuted, not 

convenient ly separa ted and loca l ized. 
(b) Bu i ld ings are th ree-d imens iona l . 
The con t inuous distr ibut ion of m a s s and s t i f f n e s s m e a n s that 
many modes of v ibrat ion are poss ib le , e a c h wi th i ts own natural 
f requency. A fami ly of lateral m o d e s h a p e s for one pr inc ipal direc
tion of a uni form tal l bui lding is s h o w n in F i g . 5 in order of inc reas
ing natura l f requency. A second fami ly of s im i la r mode s h a p e s wil l 
be present for a second pr inc ipal t rans la t iona l d i rect ion, and third 
fami ly for to rs iona l modes. In other words for a p rac t i ca l 3-D st ruc
ture there are three ' f irst modes ' , three second modes ' , etc. , where 
f i rst ' and ' s e c o n d ' descr ibe the genera l e levat iona l shape of the 

mode. 

If the m a s s and s t i f f n e s s cen t res do not co inc ide in plan 
throughout the s t ruc ture the modes wil l not be s imp le t rans la 
t ional and to rs iona l modes. The re wil l st i l l be three ' f irst modes ' 
but e a c h may con ta in a mixture of t rans la t ion and tors ion. T h i s is 
i l lust rated by F i g s . 10 to 12 show ing the ar rangement and 
m o d e s h a p e s of the Hongkong and S h a n g h a i B a n k Bui ld ing. 
In p rac t i ce it is found that genera l ly only the f i rst modes make any 
s ign i f i can t contr ibut ion to wind- induced response of tal l bui ld ings. 
S e c o n d modes may however become s ign i f i can t near the top of a 
bui lding. 

Ft rs t m o d e S e c o n d m o d e T h i r d m o d * e tc . — 

I n c r e a s i n g n a t u r a l f r e q u e n c y >v-

Fig. 5 
Modeshapes of tal l bui ld ings 
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Generalized modal properties 
It is convenient to a s s e s s the total dynam ic response of bu i ld ings 
under wind loading in 'modal componen ts ' , that is to determine the 
r e s p o n s e of the s t ruc tu re to the f luc tuat ing ae rodynamic f o r ces 
separa te l y for e a c h natura l mode of the s t ruc ture and then to com
bine the responses . E a c h mode may be a complex 3-D shape , but 
the a n a l y s i s c a n be s impl i f ied by introducing the concept of 
genera l ized modal propert ies. 

E a c h mode of v ibrat ion c a n be t rans fo rmed and represented by a 
s ing le genera l ized m a s s , a s ing le genera l ized s t i f f n e s s and a 
s ing le genera l ized d i sp lacement , wh i ch are ana logous to the 
pa rame te rs descr ibed above for a s imp le one-degree of f reedom 
s t ruc ture . The t rans format ion e n s u r e s that the overal l d y n a m i c 
proper t ies (natural f requency, v ibrat ional energy, etc.) are unaf
fec ted but it e l im ina tes al l the degrees of f reedom except one (the 
genera l ized d isp lacement ) . The forc ing funct ion (ae rodynamic 
force) is a l so t rans fo rmed into a genera l ized force. 
T h e genera l ized d i sp lacemen t , def in ing the magni tude of the 
modal response , is ca l cu la ted from the genera l ized force and the 
genera l ized dynam ic propert ies accord ing to the pr inc ip les given 
above. The de f lec t ions at spec i f i c phys i ca l points on the bui lding 
are obta ined by mul t ip ly ing by the mode s h a p e funct ion \i, wh i ch 
de f i nes the def lect ion at every point re lat ive to the genera l ized 
d i sp lacemen t of the mode being cons ide red . 
T h e t rans format ion procedures are brief ly given in Append ix A. 
W a r b u r t o n 2 g ives a more r igorous and deta i led t reatment. 

PREDICT ION O F DYNAMIC P R O P E R T I E S O F BUILDINGS 
E s t i m a t e s of the natura l f requenc ies , m o d e s h a p e s and the damp
ing ra t ios of a bui lding are pre-requisi te for dynamic r esponse 
pred ic t ions. 

Natural frequencies and modeshapes 
Natura l f requenc ies and m o d e s h a p e s are found by so lv ing the 
equat ion 

[ K - a; 2 M ] x = 0 

where K is the s t i f f n e s s matr ix of the s t ruc ture 
M is the m a s s matr ix 
X is the m o d e s h a p e vector 

w2 is the vector of (natura l c i r cu la r f r e q u e n c i e s ) 2 

In theory there are a s many modes and f requenc ies in a s t ruc tura l 

s y s t e m a s there are degrees of f reedom. In p rac t i ce only the f i rst 
few modes (i.e. those wi th the lowest f requenc ies ) a re relevant to 
w ind response . 
Fo r p rac t i ca l bui lding s t ruc tu res a number of a p p r o a c h e s are 
poss ib le wh ich inc lude: 

(a) Simple methods 
For normal ly proport ioned bui ld ings the f irst natura l period is 
usua l l y given approx imate ly by T = H/50 s e c o n d s where H is total 
height in met res . T h i s is ent i rely empi r ica l but is a use fu l c h e c k 
aga ins t g ross errors in more detai led a s s e s s m e n t s . 
Another s imple approach is given by T = \fA. 

' 2 0 
where 6 is the top def lec t ion in mm under a d is t r ibuted hor izontal 
load equal to the weight of the bui lding. 
(b) Tabulated data 
In genera l c l a s s i c a l ' so lu t i ons for e l as t i c b e a m s and can t i l eve rs 
are of l imited use for p rac t i ca l bui lding forms. However , there are 
E S D U da ta i t e m s 3 wh ich give approx imate methods of predict ing 
modes and f requenc ies for core or shea r type bui lding s t ruc tu res . 

(c) Standard computer programs 
T h e G L A D Y S dynamic program c a l c u l a t e s natura l modes and fre
q u e n c i e s for core or shea r type mult i -storey s t ruc tu res , provided 
the modes are p lanar. T h e S T A N f inite e lement program c a n be 
used for more comp lex s t ruc tu res . 

(d) Special computer programs 
S o m e s t ruc tu res c a n be so lved most e f fect ive ly by mak ing a s imp le 
lumped m a s s ideal izat ion. The m a s s matr ix and s t i f f n e s s matr ix 
c a n be a s s e m b l e d and t hee igen so lut ion c a n be performed di rect ly 
us ing s tandard matr ix rout ines in a purpose-wr i t ten program. T h i s 
is i l lust rated in the c a s e s tudy. 

If the more detai led methods are to prove wor thwhi le a number of 
po in ts shou ld be cons ide red : 
(a) How wil l t h e ' r e a l ' s t ruc tu ra l behaviour a f fec t the s t i f f n e s s (com
pared with s impl i f ied a s s u m p t i o n s made for the pu rposes of 
s t rength des ign)? There may be addi t ional f raming e f f ec t s , and 
non-st ructura l e l emen ts may par t ic ipate. 
(b) For a re inforced conc re te bui lding the e las t i c modu lus c h o s e n 
shou ld ref lect dynamic loading ra tes. 
(c) How much of the imposed load should be inc luded in the m a s s 
of the bui ld ing? 

Damping 
T h e degree of damping is di f f icul t to predict with a c c u r a c y . 
M e a s u r e m e n t s on comple ted bui ld ings have shown a wide var ia
t ion wh ich h a s in s o m e c a s e s been ampl i f ied by the severa l 
methods of measuremen t adopted. 
S t ruc tu ra l damping is c a u s e d by the hys te res i s of the mater ia l of 
the s t ruc ture , and i n c r e a s e s with v ibrat ion ampl i tude a s the 
mater ia l 'wo rks ' harder. In addi t ion ae rodynamic damping c a u s e d 
by the relat ive movement of the air and the bui lding is present . T h i s 
i n c r e a s e s with the wind veloci ty . G u i d a n c e on v a l u e s to be adopted 
for t hese paramete rs is g iven in E S D U 7 6 0 0 1 4 . but a more deta i led 
E S D U da ta i tem on s t ruc tu ra l damping wil l soon be re leased . 

C A L C U L A T I O N O F R E S P O N S E S 
In th is sec t ion the term response ' refers to any of the fo l lowing eff
e c t s measu red or ca l cu la ted at any point of interest : 
F o r c e s or moments 
Def lec t ions 
Acce le ra t i ons . 
A number of code methods are ava i lab le , notably the a long-wind 
response method of E S D U 76001 (ava i lab le in G L A D Y S Dynamic ) 
and the detai led method ' of the Nat ional Bui ld ing Code of 
C a n a d a 5 . T h e N B C C a l s o g i v e s g u i d a n c e on a c r o s s - w i n d 
r e s p o n s e s based empi r ica l ly on ae roe las t i c wind tunnel s tud ies of 
tal l bui ld ings. T h e pr inc ip les of the ca l cu la t i ons are out l ined 
below. S im i la r p rocedures are required when us ing wind tunnel 
tes t m e a s u r e m e n t s of a e r o d y n a m i c f o r c e s to predict total 
r e s p o n s e s . 

Information required 
It is n e c e s s a r y to es tab l i sh : 
(a) The mean hourly des ign wind speed . A more detai led w ind 
c l ima te s tudy inc luding d i rect iona l a n a l y s i s may be appropr ia te 
when us ing wind tunnel t e s t s . 
(b) The ups t ream terrain c h a r a c t e r i s t i c s . T h e s e def ine the wind 
veloc i ty prof i les and turbu lence c h a r a c t e r i s t i c s . 
(c) T h e dynamic propert ies of the bui lding. 

Mean responses 
Mean fo rces , moments , de f lec t ions , etc. , are ca l cu la ted in a tradi
t ional s ta t i c way, us ing the mean wind veloci ty p ro f i l eand bui lding 
drag coef f i c ien t . A wind tunnel test wil l m e a s u r e the mean fo rces 
and moments direct ly. 
Fluctuating responses 
T h e procedure is to obta in the rms of the required response from 
the rms of the incident wind gus t s . S i n c e the ae rodynamic and 

The e f fec t of an opening occur r ing in a c r i t i ca l posi t ion h a s been 
s tud ied us ing the E x c h a n g e S q u a r e test resu l ts by sub-dividing 
them into groups in e a c h tower and at the s a m e level. For each 
locat ion and for e a c h wind d i rect ion the ef fect of an opening 
occur r ing at e a c h other locat ion at the s a m e level is cons idered 
and the worst c a s e found. 
F i rs t , however, it is n e c e s s a r y to determine the re la t ionship 
between the p ressu re ins ide and the p ressu re immediate ly 
outs ide an opening. T h i s wi l l depend on how quick ly the internal 
p ressure c a n fol low the c h a n g e in p ressu re outs ide. T h i s is 
exam ined in detai l in Re fe rence (5) where it is s h o w n that the t ime 
t in s e c o n d s to reach equi l ibr ium is given by 

t = 2 . 5 x 1 0 " ' ( V / A ) v S p (28) 

where V is the vo lume (m 1 ) , in th is c a s e of one floor of the 
bui lding. 
A is the a rea ( m 2 ) of the opening. 
Ap is the init ial p ressu re d i f fe rence between inside and 
outs ide (Pa) . 

Tak ing V = 4000 m ' , A = 2 m 2 and cons ider ing , for examp le , 
locat ion 15 wind direct ion 45° , the t ime taken for the internal 
p ressu re to c h a n g e from the mean va lue (800Pa) to the m a x i m u m 
negat ive va lue (4370 Pa) wil l be 

t = 2.5 X 10" 'x 4 ^P \ /3570 = 3 s e c s . 

If, however, the f loor is subdiv ided by part i t ions the vo lume wil l be 
d e c r e a s e d and hence the t ime taken to reach equi lbrum could be 
somewha t l e s s . 
T h e conserva t i ve assump t i on c a n therefore be made that the 
internal p r e s s u r e s wi l l be equal to the one-second ex terna l 
p ressu res immedia te ly ou ts ide an opening. 

Having determined the internal p ressu re it is n e c e s s a r y to dec ide 
how it wil l combine with the ex te rna l p ressure at another locat ion. 
T h i s wi l l depend on whether or not the p r e s s u r e s are corre la ted. In 
th is c a s e it s e e m s reasonab le to a s s u m e zero corre lat ion and the 
total p ressu re p c a n then be es t ima ted from 

p = p e + Pj + V\ (Pe - P e ) 2 + (Pi - Pi> 2l (29) 

where p e p e are the ex terna l mean and gust va lues 

Pi Pi are the internal mean and gust va lues . 

The m a x i m u m resul tant p ressu re obta ined in th is way o c c u r s 
aga in at locat ion 15 with an opening at locat ion 10 a s i l lustrated 
in F ig . 16. T h e m a x i m u m outward one-second p ressu re is given by 

p = 0.8 +1 .09 + v/"l (4.37 - 0 . 8 ) 2 + (2.04 - 1.09) 2I 
= 5.58 k P a 

T h i s rep resen ts an i nc rease of 2 8 % on the ex terna l p ressure , 
wh i ch by co i nc i dence ag rees wel l wi th the va lue of 3 0 % 
sugges ted by the Amer i can c ladd ing consu l tan t on the project a s 
being common prac t ice in the U S A . 
There is a coro l lary , however, to th is ca l cu la t i on . If an opening 
o c c u r s at locat ion 15 then, for the s a m e wind d i rect ion (45°), the 
resul tant inward p ressu re at locat ion 10 wil l a l so be 5.58 k P a , an 
i nc rease of 1 7 0 % on the ex terna l p ressure . 
C o m m o n s e n s e , however, s u g g e s t s that if locat ion 15 is des igned 
for a greater p ressu re than locat ion 10 then the probabi l i ty of an 
opening at locat ion 15 wil l be l e s s than that at 10 and therefore 
the des ign p ressu re at the latter shou ld be lower. T h e re la t ionship 
between st rength required to that provided c lear ly a f f e c t s the 
probabi l i t ies in a w a y that is d i f f icul t to quant i fy . 
In F ig . 17 total p ressu res at e a c h point are plotted aga ins t 
ex terna l p r e s s u r e s . It wil l be seen that in vir tual ly al l c a s e s the 
ratio e x c e e d s the sugges ted va lue of 1.3. T h e e f fec t is more 
pronounced for inward p r e s s u r e s and it is apparent that a cr i t ica l 
condi t ion wi l l , in theory, a r i se if an opening o c c u r s at a point of 
high suc t i on . It shou ld , however, be noted that b reakage is i tself 
an unl ikely event and if accoun t cou ld be taken of th is probabi l i ty 
the des ign v a l u e s would be cor responding ly reduced. 
Unfor tunately, th is is not readi ly quant i f iab le . 
The c o n c l u s i o n s that c a n be d rawn from th is are, to a cer ta in 
extent , ph i losoph ica l . On the one hand it can be argued that the 
des ign p ressu re at any one level shou ld be the s a m e and th is is 
compat ib le with the benef i ts of ma in ta in ing uni formity of 
s t rength and deta i l . A l ternat ive ly , it can be argued that the best 
protect ion is to s t rengthen these cr i t i ca l a r e a s and hence reduce 
the possib i l i ty of b reakage occur r ing there. Fur thermore , shou ld a 
breakage occur then it could be regarded a s an ex t reme c a s e in 
wh i ch a reduced factor of sa fe ty would be jus t i f ied . 
However , a s d i s c u s s e d in the next sec t i on , internal p r e s s u r e s are 
not the only d i f f icul ty. 

DESIGN V A L U E S 
T h e var ious fac to rs that c a n logical ly be cons ide red in deter
mining des ign p ressu re inc lude the fo l lowing: 
(1) Var ia t ion of p ressu re at e a c h locat ion with wind d i rect ion 
(2) Var ia t ion of probabi l i ty of w ind speeds occur r ing wi th wind 

direct ion 
(3) Internal p r e s s u r e s and des ign s c e n a r i o s 
(4) Poss ib i l i t y of knock-on e f f ec t s , i.e. damage to other pane ls 

c a u s e d by the fa i lure of one panel 
(5) The var iabi l i ty of c ladd ing s t rength inc lud ing t ime-depen

dency 
(6) The des ign l i fe of the c ladd ing 
(7) A c c e p t a n c e cr i ter ia . A s s u m i n g s o m e fa i lu res (e.g. broken 

w indows) dur ing the des ign l i fet ime are accep tab le , how 
many, how o f ten? What level of sa fe ty is requi red? 

(8) Statutory requ i rements 
(9) Other fac to rs bes ides s t rength wi l l of ten govern the des ign , 

e.g. uni formity of g l a s s t h i c k n e s s , colour and f l a t n e s s , 
repeti t ion of deta i ls , light and heat t r a n s m i s s i o n , durabi l i ty , 
e tc . 

(10) Con t rac tua l mat te rs inc luding the spec i f i ca t i on , des ign 
respons ib i l i t ies and gua ran tees , load test requ i rements e tc . 

Of th is l ist I tems 1-3 have been d i s c u s s e d in the s e c t i o n s on w ind 
c l imate and internal p r e s s u r e s above. Item 4 is not readi ly 
quant i f iab le and i tems 8-10 are beyond the s c o p e of th is paper. 
Under Item 5 it is worth not ing that when cons ider ing the s t rength 
of g l a s s , the appropr ia te averag ing interval may wel l be of a 
longer durat ion b e c a u s e of the reduct ion in s t rength wi th 
durat ion of load. For examp le , the ratio of the one-second 
s t rength to the one-minute s t rength may wel l be greater than the 
rat io of one-second to one-minute p r e s s u r e s . 
I tems 6 and 7 c a n , in theory at least , be dec ided by the des igner 
a l though des igne rs are notor ious ly (and jus t i f iab ly ) coy about 
def in ing des ign l i fe t imes for their bui ld ings. ( Inc identa l ly , it is 
worth noting that if a bui lding h a s 500 w i n d o w s e a c h exac t l y 
des igned for the 50-year event, it does not fol low, a s is s o m e t i m e s 
sugges ted , that 10 w indows wil l break e a c h year . The loads on 
individual e lemen ts are not s ta t i s t i ca l l y independent events. ) 

C O N C L U S I O N S 
A number of c o n c l u s i o n s c a n be summar i zed a s fo l lows: 
(1) T h e dec is ion to embark on a wind tunnel test is not one that 
shou ld be taken l ightly. A l though s u c h tes ts wi l l usua l ly give a 
better qual i ta t ive unders tand ing of the e f f ec t s of w ind on the 
bui ld ing, c l i en ts and a r ch i t ec t s normal ly expec t more tang ib le 
benef i ts . If the resu l t s are to be used quant i ta t ive ly , great c a r e 
must be taken when spec i f y i ng the test and in interpret ing the 
resu l t s a s the latter wi l l , to a large extent , ref lect the va r i ous 
a s s u m p t i o n s made. 

(2) T h e wind tunnel path leads immediate ly a w a y from the c o s y 
wor ld of de te rmin is t i c p ressu re coe f f i c ien ts and the des igner 
must be prepared to accep t that the resu l t s wi l l be in the form of 
probabi l is t ic s t a temen ts wh ich may not readi ly be a s s i m i l a t e d 
into the des ign p r o c e s s . In par t icu lar it requ i res a c c e p t a n c e 
cr i te r ia that are a l s o probabi l is t ic in form. 

(3) In some c a s e more benefit wi l l be ach ieved at l e s s e x p e n s e and 
in a shor ter t ime by a s tudy of the loca l c l imate and the e f f ec t s of 
local topology than by car ry ing out a wind tunnel test . 
(4) If in format ion is ava i lab le on the d i rect ional probabi l i t ies of the 
w ind c l imate then lower des ign p r e s s u r e s c a n be obta ined by 
integrat ing the wind tunnel resu l t s wi th the w ind c l ima te . 
However , if th is is done then cau t ion must be e x e r c i s e d a s 
convent iona l load fac to rs may not be appropr ia te to the resu l t ing 
p r e s s u r e s . 
(5) Internal p r e s s u r e s are di f f icul t to dea l with in a logical manner 
and the quest ion of the appropr ia te des ign s c e n a r i o requ i res 
resolut ion. 
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A l l owance for uncer ta in ty 
The convent iona l def ini t ion of the cha rac te r i s t i c wind load a s 
noted above is that load wh ich o c c u r s wi th the 50-year wind 
ac t ing in the wors t direct ion for the member under cons idera t ion . 
It is evident that th is wi l l a l w a y s be an upper bound to the load 
wh ich wi l l occu r once in 50 y e a r s . (The two v a l u e s would be the 
s a m e if the p ressu re coef f ic ient at the point w a s the s a m e for al l 
wind d i rec t ions , for examp le , at the top of a c i r cu la r dome.) It 
fo l lows that a l though the cha rac te r i s t i c va lue of the p ressure , if 
def ined in th is way , is not a very good es t imate , it wi l l tend to be 
on the s a f e s ide and the probabil i ty that it wi l l be exceeded wil l be 
cor responding ly reduced. 
In con t ras t , the expec ted m a x i m u m value dur ing a spec i f i ed 
des ign l i fet ime a s derived above wi l l , by def in i t ion, be a better 
predict ion. It wi l l , in fact , have roughly a 5 0 % probabi l i ty of being 
exceeded (the expec ted va lue is taken here a s the mean of the 
ex t reme va lue dist r ibut ion and the mean and the med ian are not 
very di f ferent) . T h i s logical ly requires a larger fac tor of sa fe ty to 
be appl ied in the des ign . 
In order to determine an appropr iate load factor to use in th is 
c a s e the method conta ined in the draft Part 2 of the rev ised CP110 
and desc r ibed in more deta i l in re ference (7) h a s been used . The 
b a s i s of that method is that the required u l t imate s t ruc tura l 
r es i s t ance R u is related to the expec ted m a x i m u m load ef fect S 
a s fo l lows: 

R u J> 0.94S (1 + 4.8^(0.01 + 0.77v (26) 

where v is the coef f ic ient of var ia t ion of S . 
In th is c a s e the expec ted va lue is given by Equat ion (24) and al l 
that is required is to find an appropr ia te va lue for v. 

The uncer ta in ty is made up of two par ts : 
(a) The poss ib i l i ty of an ex t reme wind occur r ing in a cr i t ica l 
d i rect ion a s s u m i n g that the s ta t i s t i ca l a n a l y s i s is correct : i.e. the 
var iabi l i ty of the wind c l ima te i tself . 
(b) T h e uncer ta in t ies in the s ta t i s t i ca l a n a l y s i s , the wind 
s imu la t ion and the p ressure read ings , i.e. the uncer ta in ty in our 
unders tand ing of the wind c l imate . 
The e f f ec t s of (a) c a n be determined from the proper t ies of the 
FT-1 d ist r ibut ion for wh ich the s tandard deviat ion is given by 
Equa t ion (7). 
For (b) a va lue of 1 0 % h a s been taken : 
Combin ing the uncer ta in t ies 

' - ± I 1.282 y 
r ' ax ' 

L 2 2 
0.1 (27) 
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In order to compare th is approach wi th the t radi t ional def in i t ion 
of the cha rac te r i s t i c va lue, the resu l t s from Equat ion (26) have 
been div ided by a load factor of 1.6 to produce equivalent work ing 
loads and these are s h o w n plotted in F ig . 15. 
T h e resu l ts , in th is c a s e , show that the t radi t ional def ini t ion is 
general ly quite adequa te for the bulk of the resu l t s . However , it 
ove res t ima tes the higher s u c t i o n s , where the e f f ec t s descr ibed 
above wil l be most p ronounced, by up to 2 0 % . 

I N T E R N A L P R E S S U R E S 
Gene ra l 
In addi t ion to the ex te rna l p r e s s u r e s a s m e a s u r e d in the wind 
tunnel test , a l l o w a n c e must be made for the internal p r e s s u r e s 
wi th in the bui ld ing. 

3 ' • 

1 0 2 0 3 0 

E x t e r n a l p r e s s u r e k P a 

• = I n w a r d ° = O u t w a r d 
F i g . 17 
Tota l p r e s s u r e s v. ex terna l p r e s s u r e s 

For the c a s e of full a i r -condi t ioning and c ladd ing wh ich is 
nominal ly air t ight, the permeabi l i ty of the outer sk in of the 
bui lding, under normal cond i t ions , wi l l be very low. The internal 
p ressu re wi l l therefore be largely governed by the d ispos i t ion of 
the A / C in take and e x h a u s t , the e f fec t of wh i ch is di f f icul t to 
quant i fy , even when th is in format ion is ava i lab le . 
CP3 Chapter V s u g g e s t s , in s u c h c a s e s when there is a 'negl ig ib le 
probabi l i ty ' of a dominant opening occur r ing , p ressu re 
coe f f i c i en ts of +0.2/-0.3, wh ichever is more onerous . Compar ing 
these with the m a x i m u m relevant coe f f i c i en ts for the ex te rna l 
p r e s s u r e s in the s a m e code ( - 1.2/+ 0.8) i nd ica tes an ex t ra 1 7 % 
or 3 8 % on negat ive and posi t ive ex te rna l p r e s s u r e s respect ive ly . 
G u i d a n c e on internal p r e s s u r e s is a l so given by the C a n a d i a n 
Wind Code, wh i ch for th is c a s e i nd i ca tes p r e s s u r e s of the order of 
± 0.5 k P a for the c a s e without dominant open ings . 
The H K Wind Code requi res a va lue of + 0 . 6 P / - 0 . 5 P (where P is 
the b a s i c p ressure ) for nomina l ly airt ight s u r f a c e s and ±0.9P for 
s u r f a c e s wh ich are openable or b reakab le . 

If dominant open ings c a n occu r (in th is contex t a s ing le broken 
w indow cou ld be cons ide red a s a dominant opening) then the 
C a n a d i a n code s u g g e s t s apply ing a gust factor of 2.5 to the 
f igures quoted above i.e. ± 1.25 k P a . 
The UK code for th is condi t ion g ives var ious v a l u e s for p ressu re 
coe f f i c i en ts depending on where the opening o c c u r s , up to a 
m a x i m u m of + 0 . 6 / - 0 . 9 leading to ex t ra p r e s s u r e s of 5 0 % and 
1 1 0 % respect ive ly . 
T w o des ign c a s e s c a n t hus be ident i f ied: f i rst the normal 
s i tuat ion in wh i ch the outer sk in of the bui lding rema ins intact , 
the second when a dominant opening o c c u r s . 

m e c h a n i c a l adm i t t ances are f requency-dependent , th is h a s to be 
done by cons ider ing the spec t ra . The comple te procedure is i l lu
s t ra ted in F i g . 6. If w ind tunnel t es t s are used , the spec t ra of the 
ae rodynamic f o r ces wi l l be measu red , s o the ae rodynamic admit
t ance is incorporated by ana logue, not ca lcu la t ion . 
The m e c h a n i c a l admi t tance is usua l ly divided into two par ts : 
ca l cu la t i ng the background (or broadband or quas i -s ta t i c ) o B and 
the resonant (or narrow band) o D , componen ts . 
Seve ra l modes may cont r ibute to the total f luc tuat ing response . 
T h e cont r ibu t ions f rom e a c h mode (provided the modes are suf f i 
c ient ly separa ted in period) may be combined a s s u m i n g they are 
uncor re la ted . 

Oj = \j o t
 2 + o 2

2 + o 3

2 + etc 

where o , etc . are the cont r ibu t ions from e a c h mode. 

Peak r e s p o n s e s 
Peak r e s p o n s e s are obta ined by adding ex t reme va lues of the f luc
tuat ing componen ts to the mean response , a s descr ibed in E q u a 
t ions 13 and 14 of David C ro f t ' s paper. The c y c l e f requency v of the 
resonant component is the natura l f requency of v ibrat ion. A lower 
c y c l e f requency is appropr ia te for the background componen ts . 
E S D U 76001 ob ta ins peak r e s p o n s e s a s fo l lows: 

where g =vM2 logenoT) + 

+ 7 I 3 . 5 o B ( E ) ] 2 + [ g o D ( E ) | 2 

0 577 
\f (2 log e n 0 T) 

WIND T U N N E L T E S T S 
R e a s o n s for w ind tunne l tes t ing 
The l imi ta t ions of code-based methods are obv ious, s i n c e they 
n e c e s s a r i l y re late to genera l and uniform s i tua t ions . The re are 
many i n s t a n c e s when it is v i r tual ly imposs ib le to es t ima te s o m e of 
the pa ramete rs required wi th any degree of con f idence. 
Wind tunnel tes t ing c a n give a more detai led and conf ident predic
t ion if properly spec i f i ed and conduc ted . T h e resu l t s are presented 
in s ta t i s t i ca l form and are su i tab le , in con junc t ion with a w ind 
c l imate model , to give response level/probabi l i ty pred ic t ions for 
limit s ta te des ign based on rel iabi l i ty pr inc ip les . Wind tunnel 
test ing is par t icu lar ly appropr ia te if: 
(a) T h e bui lding h a s an unusua l shape , and therefore uncer ta in 
ae rodynamic propert ies. 
(b) T h e bui lding h a s unusua l dynam ic c h a r a c t e r i s t i c s s u c h a s 
coupled modes , s t rong tors ion, low damping. 
(c) T h e incident w ind is di f f icul t to charac te r i ze , e.g. major 
topograph ica l f ea tu res or c h a n g e s in terra in roughness ups t ream. 
(d) Sur round ing tal l bu i ld ings are l ikely to interfere by wake buf
fet ing. 

(e) S imp le code methods ind icate there cou ld be a problem. 

At th is point it is worth bear ing in mind the involvement in t ime and 
cos t that a wind tunnel invest igat ion is l ikely to enta i l , and to con
s ider other potent ia l s o u r c e s of error that must a l s o be tack led to 
make it wor thwhi le . T h e model test is only part of the procedure 
and the va lue of the end resul t a l so depends heavi ly on: 

(a) Wind climate data 
Mean r e s p o n s e s i nc rease a s V 2 , but purely resonant r e s p o n s e s 
(e.g. acce le ra t ion ) i nc rease typ ica l ly a s V 3 to V 3 5 . A 1 0 % error in 
w indspeed may therefore give a 20 -30% error in peak loads and a 
30-40% error in acce le ra t i ons . 
(b) Structural properties 
The most d i f f icu l t s t ruc tura l parameter to es t ima te is the damp ing . 
Only the resonant response is a f fec ted , but if the es t imated damp
ing is in error by a factor of 2, the acce le ra t ion level wi l l be in error 
by 4 1 % . Tota l loads are l e s s sens i t i ve b e c a u s e mean and 
background componen ts a l s o contr ibute. However , it is worth
whi le examin ing a range of damping ra t ios in a s s e s s i n g the 
resu l t s . 
The pr inc ipal t ypes of w ind tunnel model are now d i s c u s s e d . 

Ae roe las t i c mode ls 
Ae roe las t i c mode ls at tempt to s imu la te complete ly the in teract ion 
between the wind and the s t ruc tu re 6 . The bui lding model h a s s c a l 
ed dynam ic propert ies ( inert ia, s t i f f ness , damping) and the test is a 
direct ana logue of ful l s c a l e behaviour. In th is way the total 
r esponse of the bui lding is m e a s u r e d , usua l ly by a b a s e ba lance , 
and by acce le rome te rs in the model . There are two b a s i c t ypes : 
(a) Stick models 
T h e s e are rigid models mounted on g imba ls at the base , a s i l lus
trated in F ig . 7. Only two ( l inear) t rans la t iona l modes c a n be 
s imu la ted . 
(b) Multi degree-of freedom models 
T h e s e are complex mode ls incorporat ing lumped m a s s e s and stiff
n e s s e lemen ts a s i l lustrated in F i g . 8. To rs ion , coupled t rans la t ion-
tors ion modes , and s e c o n d modes can be s imu la ted but the des ign 
and cons t ruc t ion of s u c h mode ls is very involved. 
The mult i degree-of- f reedom model is the most soph i s t i ca ted 
method of predict ing the response of a tal l bui lding. The fo l lowing 
advan tages and d i s a d v a n t a g e s shou ld be noted. 

Advan tages : 
(a) Direct measuremen t of total r esponse 
(b) Ae rodynamic damping/ ins tab i l i ty e f f e c t s are model led. 
(c) Comp lex s t ruc tu ra l propert ies, inc luding e f f ec t s of s e c o n d 

modes , can be s imu la ted . 
(d) Rea l - t ime interact ion between fo rces in d i f ferent d i rec t ions is 

obta ined. 
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Disadvan tages : 
(a) Models are t ime-consuming and expens i ve to des ign and con

s t ruct . 
(b) Cons ide rab le test t ime is required to obta in r esponses at dif

ferent w indspeeds and with di f ferent damping . 
(c) Major c h a n g e s in dynam ic proper t ies require re-test ing wi th 

rev ised model . 
Force balance method 
T h e concept of the force ba lance method is to measu re mean and 
f luc tuat ing ae rodynamic loads on a rigid model without any s t ruc
tural dynam ic modi f ica t ion. The r e s p o n s e s are then ca l cu la ted , 
tak ing accoun t of m e c h a n i c a l admi t tance us ing the normal mode 
method out l ined above. T h e main requirement of the base ba lance 
is to m e a s u r e accura te l y very sma l l and rapidly f luctuat ing fo rces . 
T h i s h a s presented des ign prob lems to ach ieve suf f ic ien t s t i f f n e s s 
and sens i t iv i ty , but a number of wind tunne ls now have s u c h 
b a l a n c e s measur ing from two to s ix d i rec t iona l components . The 
use of the f ive component ba lance of the Boundary Layer Wind 
Tunne l Laboratory of the Univers i ty of Wes te rn Ontar io is des
cr ibed in the c a s e study below. 
The method h a s many a t t rac t ions 
(a) A l though the ba lance may be expens i ve and soph is t i ca ted , it is 
a s tandard re-useable i tem and the s t ruc tura l mode ls for spec i f i c 
wind s tud ies are s imple , rigid, qu ick ly made and inexpens ive . 
(b) Va r ia t i ons in s t ruc tura l propert ies are cons ide red ana ly t i ca l l y , 
and s o re-test ing is not required for new damping rat ios or natura l 
modes and f requenc ies . Coup led modes c a n be dealt wi th. 
(c) By measur ing the s p e c t r a of f luctuat ing ae rodynamic loads, 
tes t ing at only one wind veloci ty is n e c e s s a r y , with consequen t 
t ime sav ing . 
Compared wi th a full ae roe las t i c s tudy the method h a s the follow
ing d i sadvan tages : 
(a) Ae rodynamic damping or instabi l i ty a re not inc luded. 
(b) Approx imat ions are n e c e s s a r y in ca l cu la t i ng the tors ional 
response . 
C A S E STUDY: HONGKONG AND SHANGHAI BANK BUILDING 
Introduction 
The new Hongkong and S h a n g h a i Bank headquar te rs bui lding in 
Hong Kong h a s been sub jec ted to a wind engineer ing s tudy of 
unusua l l y large scope and deta i l . T h e s tudy w a s car r ied out at the 
Boundary Laye r Wind Tunne l Labora tory of the Univers i ty of 
Wes te rn Ontar io , C a n a d a ( B L W T L ) , under the direct ion of Pro
fesso r A lan Davenport . Both the terrain of Hong Kong and the form 
of the bui lding i tself present d i f f i cu l t ies in us ing ana ly t i ca l 
methods . The s c o p e of the s tudy is out l ined below: 
(a) A wind c l imate study, def in ing a typhoon c l imate (for peak st ruc
tural loading e f fec ts ) and a non-typhoon c l imate (for envi ronmen
tal and occupan t comfort re lated e f fec ts ) . S e e F i g . 9 and David 
C ro f t ' s F ig . 12. 
(b) A topograph ica l study to obta in wind prof i les at the s i te for 
var ious incident d i rec t ions. S e e David C ro f t ' s F ig . 9. 

(c) W ind tunnel model for s u r f a c e p ressu res . 
(d) Wind tunnel model for overa l l ae rodynamic fo rces ( force 
b a l a n c e technique) . 
(e) Env i ronmenta l wind tes t s . 
T h i s work is documented in a se r i es of B L W T L repor ts 7 , from wh ich 
much of the fo l lowing da ta is taken . 
T h e subsequen t sec t i ons desc r i be the use of b a s e ba lance 
m e a s u r e m e n t s to obtain des ign resu l ts . 

Dynamic properties of the building 
The genera l ar rangement of m a s s in the bui lding is i l lustrated in 
F i g s . 10 and 11. T h e s t ruc ture is des igned to a c c o m m o d a t e future 
inf i l l ing of the set b a c k s ' on the eas t s ide (F ig . 10) and consequen
tly the pr imary s t ruc ture is essen t i a l l y symmet r i ca l about the cen
tral N-S a x i s . S i n c e the cent re of m a s s becomes of fset from th is 
a x i s in the higher zones of the current ly proposed bui lding, s igni f i 
can t la tera l tors ional behaviour is present in al l the m o d e s h a p e s 
(F ig . 12). Al l the f irst modes have approx imate ly l inear e levat ional 
s h a p e s . 

The modes and f requenc ies were obta ined by ana lyz ing a not ional 
f ive lumped m a s s model a s i l lust rated in F ig . 13. E a c h m a s s h a s 
three degrees of f reedom, (in the x, y and tors ion d i rect ions) . A f lex
ibil ity matr ix w a s obta ined for the 15 degree of f reedom s y s t e m by 
ana lyz ing a detai led f inite e lement model of half the s t ruc ture 
under a s e r i e s of unit loads appl ied at the m a s s cent re levels. T h i s 
w a s t rans fo rmed and inverted to give a s t i f f n e s s matr ix (K) relat ing 
f o r ces to de f lec t ions for the total of 15 degrees of f reedom at the 
cent re of m a s s locat ions. Modeshapes and f requenc ies were 
obta ined by direct e igenso lu t ion of the equat ion 

| K - O J 2 M | X = 0 where M is the d iagonal m a s s matr ix 

us ing a purpose wri t ten program incorporat ing s tandard matr ix 
rout ines. T h i s enab led the e f fec t of m a s s asymmet r y to be quan
t i f ied without developing a m u c h larger f inite e lement model of the 
whole bui lding. C h a n g e s in m a s s d ist r ibut ion (e.g. inf i l l ing the eas t 
s ide) cou ld a l s o be examined eas i l y . 
Damping w a s es t ima ted to lie between 1 % and 2 % of c r i t i ca l , 
based on prev ious exper ience of s tee l - f ramed bui ld ings. The lower 
va lue w a s adopted for des ign pred ic t ions. 

Test details 
From the wind tunnel s tud ies wi th a 1:2500 s c a l e topographica l 
model of Hongkong and i ts su r rounds , five ups t ream wind 
ca tego r ies were identi f ied to cover al l w ind d i rec t ions at the s i te 
(David C ro f t ' s F i g . 9). The pronounced she l ter ing of the s i te for 
w inds from the south and sou th-wes t is evident. 
A rigid, light a rch i tec tura l model of the bui lding at 1:500 s c a l e w a s 
mounted on B L W T L ' s 5-component base ba lance at the cent re of a 
proximity model , wh ich inc luded deta i led representat ion of al l 
f ea tu res wi th in a 600m rad ius of the s i te. The whole a s s e m b l y w a s 
mounted on a turntable in the wind tunnel . Wind prof i les and tur
bu lence c h a r a c t e r i s t i c s m e a s u r e d in the 1:2500 topographica l 
s tudy were s imu la ted at th is larger s c a l e to produce appropr iate 
wind cond i t ions at the s i te for e a c h prevai l ing w ind di rect ion. 
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Fig. 11 
Var ia t ion of p ressu re with wind d i rect ion 

where V H l is the 50 year gradient ve loc i ty ( 4 7 J m/s) 
x , „ , 8 is the p ressure at the point wi th V<„ at 9 
A 9 , Cg and kg are the Weibul l coe f f i c i en ts for ang le 8 . 

Equat ion (18) g ives the number of hours on average that a given 
va lue X wil l be exceeded . If each hour of w ind w a s s ta t i s t i ca l l y 
independent then the return period R (in years ) for a given va lue of 
X would be given by R = 1/N X. S u c c e s s i v e hours of wind however, 
are not independent and one typhoon wi l l produce severa l hours 
of high w inds . It c a n be s h o w n 5 that, for the Hong Kong typhoon 
c l ima te a s given by Equat ion (17), the return period R of X 
occur r ing is given by 

R = 14.8 

N v (19) 
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Equat ion (19) impl ies that in a typhoon there are. on average, 
s ta t i s t i ca l l y dependent hours of w ind. 

14.8 

The above approach is great ly s impl i f ied and a more r igorous 
t reatment a s used at B L W T L is presented by Surry ef a / 6 . R e s u l t s 
f rom the above method, however, have been compared wi th those 
obta ined by B L W T L and agreement general ly found to be wi th in 
2 % . 

The resu l t s for s o m e of the cr i t ica l l oca t ions on E x c h a n g e S q u a r e 
are shown plotted in F ig . 13 and the 50 year event va lues are 
s h o w n plotted aga ins t the va lues wi th the 50 year wind in the 
wors t d i rect ion in F ig . 14. 

Expected maximum values 
Having found va lues of the p ressure X for var ious return per iods 
(R) , we can now cons ider the m a x i m u m va lue that can be 
expec ted to occu r within a given l i fet ime. 

It is evident from F ig 
funct ion of log R, i.e. 

1 / 

13 that the p ressu re X is e f fec t ive ly a l inear 

X = X.„ + ' ' a l o g e ( R / 5 n ) (20) 

where X,„ is the 50-year return period va lue and a is a cons tan t 
from which 

N = l / R = l / 5 0 e - a ( X - X " (21) 

where N is the average number of o c c a s i o n s per year that X wi l l 
be e x c e e d e d . (N here is the number of s ta t i s t i ca l l y independent 
even ts and shou ld not be con fused wi th N x w h i c h is the total 
number of even ts per year.) 

The expec ted number of s u c h o c c u r r e n c e s in T y e a r s is thus NT. 
A s s u m i n g a P o i s s o n distr ibut ion for the a r r i va ls , then the 
probabil i ty Pj of X not being exceeded in T y e a r s is given by 

- NT - T / 5 0 e 
Pj = e = e 

a ( X - X „ ) 

wh ich , for a des ign l i fet ime of 50 y e a r s , reduces to 

- a ( X - X . „ ) 
- e 

P,„ = e 

(22) 

(23) 

Equat ion (23) wil l be recognized a s an FT-1 d is t r ibut ion, Equa t ion 
(4). T h e expec ted m a x i m u m value X that wi l l occu r dur ing the 
des ign l i fet ime wil l be the mean of th is d ist r ibut ion wh ich , from 
Equat ion (6) is given by 

x = x,„ + 
0.577 (24) 

The va lue of a c a n be found convenient ly from Equat ion (20) thus 

' / a = (X - X , „ ) / l o g e 2 

.-. X = 0.168X,„ + 0.832 X„„ , (25) 
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m a x i m u m one-minute suc t ion occur red at Loca t ion 60 and the 
m a x i m u m mean suc t ion at Loca t ion 38, ind icat ing that the 
genera l f low pattern is s im i la r for most of the height. T h e mean 
p ressu re w a s a m a x i m u m near midheight wh i le the tu rbu lence 
i nc reased both above and below that level. 
T h i s band of high suc t ion w a s quite narrow in both s ize and wind 
d i rect ion a s demons t ra ted by F i g s . 10 and 11 . 
The s a m e e f fec t did not occu r at the cor respond ing posi t ion on 
Tower A 1 . T h i s w a s b e c a u s e of the sh ie ld ing by the Connaught 
Tower for the cr i t ica l wind d i rect ion. 
The re w a s an in terest ing high suc t ion at locat ion 160 near the 
b a s e of the south-east f a c a d e of Tower A 1 . T h i s w a s probably due 
to the proximi ty of the Connaught Tower c a u s i n g a 'Ventur i ' 
e f fect in the gap between. T h e fact that it occur red near ground 
level may be due to the speed-up of the wind and separa t ion f rom 
the roof of the t rading hal l at the b a s e of the towers . 
In compar i son , the p r e s s u r e s in the gap between the Tower A1 
and A2 were very much a non-event, ind icat ing that th is gap is 
su f f i c ien t ly s m a l l to make the wind p a s s round the ou ts ides of the 
two towers rather than in-between. 

T h e m a x i m u m posi t ive gust p ressure occur red at locat ion 166 
near the b a s e of Tower A 1 . 

E F F E C T O F WIND C L I M A T E 
Genera l 
The resu l t s p resented above are for the s i tuat ion of the 50-year 
wind (from all d i rec t ions combined) ac t ing in the worst d i rect ion 
for e a c h locat ion. 
T h e s e v a l u e s are compat ib le with the def in i t ion of cha rac te r i s t i c 
or work ing wind loads impl ied by CP3:Chapter V when used in 
con junc t ion wi th CP110, CP114 or BS449. They wi l l , however , 

overes t imate , of ten quite s ign i f icant ly , the va lues that wi l l occu r 
at e a c h locat ion once in 50 yea rs . For examp le , if the m a x i m u m 
pressure o c c u r s over only a sma l l range of w ind d i rec t ions (F i g . 
11) and if the latter co inc ide with those from w h i c h s t rong w inds 
do not occur , then the probabil i ty of a high p ressu re occur ing at 
that locat ion wi l l be great ly reduced. 

Hong Kong w ind c l imate 
The resu l t s of the B L W T L Hong Kong C l ima te s tudy ind icated 
that the high wind s p e e d s appropr ia te to s t rength des ign are 
invar iably a s s o c i a t e d with typhoons. T h e resu l t s of the B L W T L 
typhoon model can be f i t ted by a Weibul l funct ion (see above) 
thus 

N = Ae 
(V 

(17) 

where N is the number of hours /year on ave rage that V is 
exceeded . 
V is the gradient mean hourly veloci ty. 
A, C and k are c o n s t a n t s for each wind direct ion and are ava i lab le 
tabu la ted for 15° az imuth in terva ls . Equat ion (17) is shown plotted 
in F i g . 12. 

Integrat ion by az imuth 
From Equat ion (17) and a s s u m i n g that the p ressu re at e a c h point 
is proport ional to the square of the gradient ve loc i ty , the number 
of hours /year N x that a p ressure X is exceeded is given by 

/V,„ A v 3 6 0 - f / 1 
N x = 2 A e e ^ x - . V 

9 = 0 
(18) 

+ ve Pressures 
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F i g . 14 
North-south 
moment coe f f i c i en ts 

B a s e ba lance m e a s u r e m e n t s 
B a s e fo rces in the model were measu red for w inds from e a c h direc
t ion at 15° az imuth in terva ls and presented a s mean and rms f luc
tuat ing componen ts normal ized a s coe f f i c i en ts to enab le full-
s c a l e fo rces to be determined. S p e c t r a of the f luc tuat ing com
ponents were measu red for key d i rec t ions . 

The f ive componen ts m e a s u r e d were: 
(a) N-S overturning moment 
(b) E-W overturning moment 
(c) N-S shea r force 
(d) E-W shea r force 
(e) To rs ion moment . 

Deta i ls of the ba lance are given in T c h a n z 8 . 

A typ ica l plot of mean and rms coe f f i c i en ts aga ins t az imuth is 
given in F ig . 14. T h e s e are ae rodynamic fo rces only, with no s t ruc
tural dynam ic magn i f i ca t ions . Fu l l s c a l e fo rces and moments are 
obta ined a s : 

F x = C F x . W x . H . q g 

M x = C M x . W x . H 2 . q g 

T = C T . W x . W y . H . q g 

w h e r e F x . M x . T are shea r force, moment and torque 
C F X , C M X . C T are the cor respond ing coe f f i c i en ts 
w x . W y , H are the w id ths and height of the bui lding 

2 
a,g = v 2 p v g = dynamic wind p ressu re at gradient height. 

A typ ica l spec t rum ( a s measured) is s h o w n in F i g . 15. T h i s is 
smoothed for ' no ise ' and cor rec ted for m e c h a n i c a l r e s o n a n c e s of 
the test equipment and e lec t r i ca l f i l ter ing c h a r a c t e r i s t i c s before 
use in pred ic t ions. 

Pred ic t ion of s t ruc tu ra l r e s p o n s e s 
A deta i led descr ip t ion of the a n a l y s i s of r e s p o n s e s is g iven in 
Append ix A. T h e key concept to note is that for a modeshape l inear 
in e levat ion the mode genera l ized force is d i rect ly proport ional to 
the b a s e bending moment measu red in the wind tunnel . 
F i g . 16 s h o w s the var ia t ion of peak acce le ra t ion wi th az imuth and 
w indspeed . F i g . 17 s h o w s the var ia t ion of b a s e moment wi th 
az imuth , w indspeed and damping . S im i la r resu l ts can be obta ined 
for other r e s p o n s e s . 

F requency o l o c c u r r e n c e of response leve ls 
Hav ing es tab l i shed response /az imu th /w indspeed re la t ionsh ips 
the wind c l ima te model is int roduced to make pred ic t ions of the 
f requency of e x c e e d a n c e of c h o s e n response leve ls . 
To i l lust rate the procedure, F ig . 9 s h o w s the number of hours per 
year that Vg va lues are exceeded (by az imuth) in the non-typhoon 
model . F rom F i g . 16 it is poss ib le to es tab l i sh for e a c h az imuth the 
v a l u e s of Vg required to c a u s e a spec i f i c r esponse level to be ex
ceeded . It is therefore poss ib le to predict the total number of hours 
per year that the response wil l be e x c e e d e d . 

1 J * 5 6 7 C 4 ' 
i J I i f 7 6 
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NOTE (i) model scale frequency shown 
(n) spectra are smoothed and corrected before i 

F i g . 15 
Power spec t rum E-W b a s e moment az imuth 285° 
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F i g . 17 
Hongkong and Shangha i Bank 
var ia t ion of N-S moment response 
with w indspeed and damping 
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F i g . 9 
Cen t ra l Hong Kong wind prof i les 

C A S E S T U D Y : E X C H A N G E S Q U A R E , H O N G K O N G 

Pro jec t descr ip t ion 
T h e s i te for the E x c h a n g e S q u a r e Development is located in 
cen t ra l Hong Kong c l o s e to the S ta r Ferry terminal and the 
ex is t i ng Connaugh t Tower (F i g . 7). 
T h e development c o m p r i s e s two 50-storey and one 37-storey 
o f f i ce towers above an open p laza at f i rst f loor level . Benea th the 
p laza are the bus s ta t i ons for The C h i n a Motor B u s Company and 
the Pub l i c Light B u s Company . A l s o inc luded in the development 
is a new S tock E x c h a n g e t rading ha l l . 

T e s t de ta i l s 
Wind tunnel t es t s were car r ied out by the Department of 
Ae ronau t i ca l Eng ineer ing at Br is to l Univers i ty dur ing the period 
September -November 1982. T h e s e t es t s inc luded p ressu re 
m e a s u r e m e n t s on the two 50-storey towers and around the b a s e 
and a l s o on the Connaugh t Tower . An env i ronmenta l w ind test 
w a s a l s o car r ied out. 
T h e model (F ig . 8) w a s made to a s c a l e of 1:500. The de ta i l s of the 
sur round ing bui ld ings were b a s e d on photogrammetr ic read ings 
taken f rom aer ia l photographs supp lemented by addi t ional infor
mat ion on nearby bui ld ings under cons t ruc t ion . T h e total 
numbers of p ressu re tapping points were 297 on E x c h a n g e 
S q u a r e and 180 on Connaught Cent re . T h e t ime s c a l e w a s 1:100. 
T h e wind s imula t ion w a s based on the work car r ied out at the 
Boundary Layer Wind Tunne l Laboratory , Ontar io , C a n a d a 
( B L W T L ) in connect ion wi th the Hongkong and S h a n g h a i B a n k . 
T h e resu l t s of those s tud ies ind icated that the w ind prof i les from 
all d i rec t ions c a n be model led wi th f ive a l ternat ive e x p o s u r e s a s 
s h o w n in F ig . 9. 
P r e s s u r e s at e a c h tapping point were m e a s u r e d for w ind 
d i rec t ions at 15° in terva ls . For s o m e d i rec t ions two or more 
e x p o s u r e s were spec i f i ed and the wors t c a s e taken so that there 
were a total number of 33 permuta t ions of d i rect ion and exposure . 
Fur ther de ta i l s are given in re ference (4). 

R e s u l t s 
Con tou rs of peak posi t ive and negat ive one-second gust 
p r e s s u r e s for the two towers A1 and A2 are s h o w n in F ig . 10. 
T h e s e resu l t s al l co r respond to the 50-year w ind (mean hourly 
gradient ve loc i ty 47.1 m/s) ac t ing in the worst d i rect ion for e a c h 
locat ion. Polar plots show ing the var ia t ion of p ressu re wi th w ind 
d i rect ion at four c r i t i ca l loca t ions are s h o w n in F i g . 11 . 
T h e m a x i m u m negat ive one-second gust p ressu re occur red at 
locat ion 15 wh ich is at the top level on the north cy l inder on Tower 
A2. T h e reason for th is is the curved s u r f a c e to wh i ch the f low 
s t i c k s rather than separa t ing at a sha rp edge and th is in turn 
i nduces a higher s u r f a c e speed and hence a higher suc t i on . 
High s u c t i o n s a l so occur red at L o c a t i o n s 38 and 60 wh ich were 
d i rect ly below Loca t ion 15. It is in terest ing to note that the 

K E Y 

2 
3 

V 
\ 

• 

'• 5 J 

• • iHBi il I N< ! 

NTENSli 

/ 

J 

WiNDSPf [ D 

0 02 0 « _ 0 6 08 >0 



whole by a normal d ist r ibut ion (F i g . 4) (a l though a s d i s c u s s e d 
below it does not a l w a y s hold for the ex t reme ta i ls ) . 
T h e f luc tuat ing p ressu re c a n be e x p r e s s e d in te rms of a mean 
va lue (usua l ly the mean hourly va lue) and the s tandard deviat ion 
(often referred to a s the root -mean-square or R M S value) . T h e s e 
v a l u e s c a n be measured in a wind tunnel test . 

Averag ing interval 
W h e n cons ider ing the p ressu re on a bui lding it is n e c e s s a r y to 
determine the appropr ia te averag ing interval . T h i s wi l l depend on 
the s i ze of the e lement under cons idera t ion , for examp le whether 
it is the who le bui lding or a s ing le c ladd ing unit. 
It c a n be seen f rom F i g . 4 that the shor ter the averag ing interval 
the higher the peak va lue wil l be. Only the wind edd ies that a re 
large enough to e n c o m p a s s the who le e lement or bui lding wi l l 
have an e f fec t . Sma l l e r edd ies wi l l not be cor re la ted a c r o s s the 
who le s u r f a c e and wil l c a n c e l e a c h other out. T h e appropr ia te 
averag ing interval T (in s e e s ) is given by the fol lowing empi r i ca l 
re la t ionsh ip . 

4.5 L 
T = 0) 

where L is the representa t ive length in met res 

V is the mean hourly veloci ty in m/sec . 
In CP3: Chapter ( / C l a s s e s A, B, and C cor respond to averag ing 
in terva ls of 3, 5 and 15 s e c o n d s respect ive ly . (The 3 s e c o n d s for 
C l a s s A is an h is tor ica l anoma ly and shou ld be shorter . 
A l l o w a n c e for th is is made in the v a l u e s of the p ressu re 
coe f f i c i en ts in the code.) 

E x t r e m e va lues 
For the purpose of des ign we are in terested in the m a x i m u m gust 
p ressu re and , having determined the m e a n hourly va lue and the 
s tanda rd deviat ion, we need to f ind the m a x i m u m peak va lue that 
wi l l occu r dur ing any one hour. 
One w a y of determin ing th is in the w ind tunnel is to run the test 
for one hour and m e a s u r e the largest va lue that o c c u r s . Unfor
tunate ly , there is a d i f f icu l ty here a s what may happen in one hour 
may not happen in another . Fo r e x a m p l e one samp le may con ta in 
a ' rogue ' high va lue wh ich might occu r only once in s a y 100 hours. 
A l ternat ive ly , a high peak may not occur . 

One w a y of overcoming th is problem is to take a number of one-
hour s a m p l e s and then car ry out an ex t reme va lue a n a l y s i s to 
determine the expec ted m a x i m u m va lue. T h i s , however, is 
e x p e n s i v e in tunnel t ime and is not normal ly jus t i f ied . 
A l ternat ive ly , the expec ted m a x i m u m va lue c a n be es t imated by 
mak ing a s s u m p t i o n s about the s t a t i s t i ca l propert ies of the 
d is t r ibut ion. F i g . 5 s h o w s d iag ramat i ca l l y the probabi l i ty 
d is t r ibut ion of al l g u s t s and a l s o the probabi l i t ies of the 
m a x i m u m p ressu re that wil l occu r dur ing a given period. 
It c a n be s h o w n 4 that if the parent populat ion is normal ly 
d is t r ibuted (Equa t i ons 2 & 3), then the probabi l i ty of the m a x i m u m 
va lue is c lose ly approx imated by a FT -1 d istr ibut ion (Equat ion 4) 
wi th mode and d ispers ion given by 

(10) -.x+ox\f | 2 l o g e v T I 

a = 7 0 \ / " l 2 l o g e v T | (11) 

where v is the c y c l e f requency and T is the length of t ime 
cons ide red (ie 3600 s e e s ) . 
T h e c y c l e f requency v is given by the e x p r e s s i o n 

oo 

J n 1 S n d n 

»' = ° ~ (12) 

J s n d n 

where S n is the Power Spec t ra l Density at f requency n (which can 
be measured in the wind tunnel test) and is a measure of the 
distr ibut ion of dif ferent gust f requenc ies. 
The product vT is , in ef fect , the number of s ta t is t ica l ly independent 
gus ts that wil l occur during a period of one hour. T h e max imum 
expected value that wil l occur will be given by the mean of the 
ex t reme value distr ibut ion. Subst i tu t ing in Equat ion (6) then gives 

(13) 
: x + r) ,o 

where , -\f |2 log.i/Ti + 0.577 

sf[2 log v T | (14) 

A s already noted, however, in a reas of separated flow the 
assumpt ion of the normal distribution does not hold for the extreme 
tai ls of the distribution and L a w s o n 1 sugges ts an exponential 
relationship (above r) = 2.7) of the form 

F i g . 4 

P D F of f luc tuat ing p ressure 
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F i g . 5 
P D F ' s of parent and ex t reme p r e s s u r e s 

Averaging interval (Seconds) 
F i g . 6 
Var ia t ion of v T with averag ing interval 

It can be s h o w n 4 that, for the exponential tail 
holds but with Equation (14) replaced by 

r j , = (log v T + 0.577)/1.35 

Equation (13) a lso 

(16) 

In order to determine these values it is necessary first to evaluate vl. 
Publ ished data seems to indicate that vT normally l ies in the range 
100-1000 but more detailed information on the subject is scarce . For 
the present purpose it has been evaluated by applying Equat ion (12) 
to the E S D U formula 2 for the Power Spectra l Density for the free air 
flow but truncated at the frequency corresponding to the averaging 
interval. The results are shown in Fig. 6. 

Typ ica l va lues for ri, and n-, obtained in th is way, are shown in 
Tab le 1. 

Tab le 1 

Averag ing 

P = 
- 1.35rj 

(15) 

Interval (t s e e s ) vT 1i 12 

0.5 1400 3.95 5.78 
1 950 3.86 5.51 
3 450 3.66 4.95 
5 300 3.55 4.65 

10 180 3.40 4.27 
15 130 3.31 4.03 
30 70 3.11 3.57 
60 35 2.87 3.04 
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1 10 itf 1C* 10* 1CP 
NUMBER OF CYCLES PER ANNUM 
AMPLITUDE IS EXCEEDED 

F i g . 19 
C y c l e s of resonant response 

T h i s da ta c a n then be used to predict : 
(a) Return per iods of peak loading e f f ec t s . T h i s involves the cyc le 
f requency of the wind to obtain the number of hours that const i tu te 
an independent s torm or 'event ' , a s descr ibed in David C ro f t ' s 
paper. 
(b) T h e number of c y c l e s of osc i l l a t ion at par t icu lar ampl i tude 
levels e a c h year , for u s e in fat igue a s s e s s m e n t s . In th is c a s e only 
the resonant response component m a k e s a s ign i f i can t contr ibu
t ion. There are 3600/T c y c l e s of osc i l la t ion per hour (where T = 
natura l period in s e c o n d s ) and for e a c h rms response level there is 
a known (Ray le igh) d ist r ibut ion of indiv idual ampl i tude peaks . T h i s 
enab les the total number of c y c l e s in e a c h ampl i tude range to be 
determined, a s in F ig . 18. 
F ig . 19 s h o w s the number of c y c l e s per annum of b a s e shear 
ampl i tudes , and F ig . 20 the var ia t ion of peak acce le ra t ion with 
return period. 

Member des ign 
A number of a p p r o a c h e s are poss ib le to obtain des ign loads for 
individual members . (In the c a s e of the Hongkong and Shangha i 
B a n k project the peak b a s e force r e s p o n s e s were s ign i f i cant ly 
lower than those obta ined by apply ing the Hong Kong statutory 
wind p r e s s u r e s , and the statutory loads were used for the strength 
design.) A l though the force b a l a n c e method does not def ine fully 
the d ist r ibut ion of e f fec t i ve loading with height, the ratio of peak 
moment to peak shea r g ives an e f fec t i ve centre of loading. T h i s 
c a n be augmented by integrat ing mean p r e s s u r e s obta ined from a 
p ressu re tapped model to give an es t ima te of the mean load 
d ist r ibut ion. T h e resonant component d istr ibut ion c a n be obta ined 
by cons idera t ion of the inert ia fo rces . An 'e f fec t ive ' quas i -s ta t i c 
loading d iagram can be put together from these componen ts , and 
a normal s ta t i c a n a l y s i s used to obta in individual member fo rces . 
The combina t ion of s imu l t aneous loading from two t rans la t iona l 
and the tors iona l d i rec t ions h a s been s tud ied us ing ae roe las t i c 
mode ls by B L W T L who recommend the fo l lowing comb ina t ions a s 
des ign l o a d c a s e s : 

(1) L O F x o M . O F y 

(2) 0 . 8 F x ± 0 . 8 F y 

(3) 0 . 6 F x ± 0.6 F y ± 0.6 F 8 

where F x , Fy , F 9 are the member load e f f ec t s obta ined under peak 
x, y and 8 e f fec t i ve loads ac t ing a lone. 
An a l ternat ive app roach , poss ib le for s imp le s t ruc tura l fo rms, is to 
use the modal a n a l y s i s direct ly. The re is a re la t ionsh ip ( in f luence 
coef f i c ien t ) between any member fo rce and the genera l ized 
d i sp lacemen t of a par t icu lar mode, jus t a s there is for an overal l 
b a s e shea r or corner acce le ra t i on . There fo re a member force can 
be t reated in exac t l y the s a m e w a y a s a b a s e shea r and the var ia
t ion of peak member force wi th return period c a n be obta ined 
direct ly by cons ider ing al l the relevant modes. 

Occupan t comfor t 
T h e acce le ra t i on r e s p o n s e s at the top of the bui lding are given in 
F ig . 20, together with the a c c e p t a n c e cr i ter ia proposed by Daven
port. It c a n be seen that for f requent even ts the accep tab le level is 
the threshold of percept ion for a sma l l proport ion of the oc
cupan ts , w h e r e a s for rare even ts l imited percept ib le mot ions are 
cons idered accep tab le . It h a s to be borne in mind that acce le ra t ion 
pred ic t ions are very sens i t i ve to a number of input pa ramete rs , and 
shou ld be cons ide red a s ind icat ive only. Comfor t c r i ter ia a l so are 
ind icat ive, b a s e d on sub jec t i ve reac t i ons of bui lding o c c u p a n t s to 
infrequent even ts . Davenpor t ' s c r i te r ia are in l ine wi th other 
worke rs ' recommenda t ions . 
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F ig . 20 
Predic ted peak acce le ra t i ons 
at a height of 159 m ( 1 % damping) 

In Hong Kong typhoons are a s s o c i a t e d with st rong w inds and 
damage and for th is reason occupan t reac t ions to bui lding move
ment wil l be di f ferent from those in normal operat ing cond i t ions; 
typhoons have therefore been d is regarded for compar i son with 
normal a c c e p t a n c e cr i ter ia . It c a n be seen that the expec ted per
fo rmance of the bui lding under non-typoon w inds is good. 
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A P P E N D I X A: 
C A L C U L A T I O N O F T O T A L R E S P O N S E S 
B Y T H E N O R M A L M O D E M E T H O D 
Introduct ion 
T h i s appendix desc r i bes the t rans fo rmat ions required to obtain 
genera l ized modal propert ies and i l lus t ra tes how the normal mode 
method c a n be used to predict total r e s p o n s e s us ing the resu l t s of 
b a s e force ba lance m e a s u r e m e n t s on a rigid model in a wind tun
nel test . 

Notat ion 
In s o m e c a s e s s impl i f ied notat ion is used in order to reduce com
plexity in the va r ious equa t ions . 

Fu l l S impl i f ied 
notat ion notat ion 

Height of bui lding H 

Height Z 

F requency of mode j " i n 

Mode s h a p e of mode j on a re ference a x i s 

x Component Mx 
y Component Myj M My 
9 Component ^0 



Mode shape at a par t icu lar node not on re ference a x i s 

x Component i p X j i f / x 

y Component i / j y j i^y 

6 Component i^9j 1+19 

V a l u e s of \t at z = H 
x Component 
y Component 
6 Component 

a x j 
a y j 
a6 j 

a x 

a y 

a 8 

Mass /un i t height m(z) m 

Rotat iona l inert ia/unit height me (z) me 

Wind load/unit height 

x Component 

y Component 

9 Component 

w x ( z , t ) 

w y ( z , t ) 

T (Z . t ) 

w x 

T 

Genera l i zed M a s s in mode j 

Genera l i zed S t i f f n e s s in mode j K ) 

Backg round gust factor 9B 

Resonan t gust factor S R 

Cr i t i ca l damping rat io i 

C y c l e f requency V 

T h e fo l lowing quant i t ies wh i ch vary wi th t ime are t reated in terms 
of mean , R M S and power spec t ra l dens i ty va lues . 

Inst. Va lue 
at t ime t 

Mean R M S P S D 
at f req. n 

Genera l i zed F o r c e F j ( t ) ° F j S F ) mi 

B a s e ba lance fo rces : 

F o r c e in x-dirn FxB<*> F x B ° F x B s F x B ( n > 

Fo rce in y-dirn F y B W F y B 0 F y B S F y B < n > 

Moment about x -ax i s M x B ( t ) M x B ° M x B S f V l x B ( n ) 

Moment about y -ax i s M y B ( 0 M y B ° M y B s M y B > n > 

Torque M8B«> M 9 B ° M 8 B S M 9 B < n ) 

Genera l i zed d isp lace
ment in mode j 

A j ( t ) 

» { 
° A B J 
° A R J 

(background) 
( resonant) 

X-d isp lacement in 
mode j X j ( t ) X 

° x 

Y-d isp lacemen t in 
mode j Y j ( t ) Y ° y 

Rotat ion in mode j 6j( t ) 6 »e 
x-acce le ra t ion *(t) ° x 

y-acce lera t ion y(t) Oy 

9-accelerat ion e'(t) °9 

Modal a n a l y s i s 
The f irst s tep is to car ry out a dynam ic modal a n a l y s i s of the struc
ture to determine the f requenc ies and mode s h a p e s of the st ruc
ture in free v ibrat ion. 

Genera l i zed quant i t ies 
T h e response of a s t ruc ture to wind exc i ta t ion is most eas i l y so lved 
by cons ider ing genera l ized quant i t ies a s descr ibed below. The 
method is merely s ta ted here and , for further in format ion, 
re ference shou ld be made to the l i terature. 

T h e i ns tan taneous Generalized Force F i (t) cor respond ing to mode 
j is def ined in te rms of the appl ied loads w and T and the mode 
s h a p e \i\ 

F] ( t ) = J"w x H x d z + 

0 0 

ciz (1) 

In th is exp ress ion the mode s h a p e and the fo rces shou ld re late to 
the re fe rence a x i s s y s t e m , for examp le the geometr ic cent re a x i s 
of the bui lding. (The mode s h a p e s need not be normal ized). 

If a force ba lance test is car r ied out then the genera l ized force can 
be obta ined from the test resu l t s , a s desc r ibed in the sec t ion below 
on determinat ion of genera l ized force. 
T h e Generalized Mass Mj cor respond ing to mode j is ca l cu la ted 
f rom the m a s s and rotat ional inert ia per unit height and the mode 
s h a p e u thus : 

H 

1j = J" rriLi x

 2 d z + J " m u y 2 d z + J mQfAQ2dz 
(2) 

In th is exp ress ion it is a s s u m e d that the cent re of m a s s is on the 
re fe rence a x i s at al l leve ls . If th is is not the c a s e the fo l lowing more 
genera l exp ress ion ( exp ressed here for s impl ic i ty for a lumped 
m a s s model) shou ld be used : 

[Mi : M J i M j i (3) 

where I ] is the vector of node d i s p l a c e m e n t s def in ing the mode 
s h a p e and I M ] is the m a s s matr ix (conta in ing of f -d iagonal te rms 
a s appropr iate) wi th respect to the re ference a x i s . 
T h e Generalized Stiffness K j cor respond ing to mode j is re lated to 
the genera l ized m a s s thus 

K j = ( 2 n n j ) 2 M j (4) 

where nj is the f requency of that mode. 
T h e i ns tan taneous Generalized Displacement Aj(t) cor respond ing 
to mode j is found from the genera l ized force and s t i f f n e s s thus 

A i < t ) = F j ( l ) ' K j (5) 

T h e genera l ized d i sp lacemen t va r ies with t ime and c a n be con
s idered in three componen ts : 
(a) A mean va lue A j wh i ch is given by 

_ F | 
( 6 ) 

(b) A f luc tuat ing component due to the background (or broadband) 
exc i ta t ion . T h i s is c a u s e d by the tu rbu lence of the wind loading, in 
other words the gus t s , and o c c u r s i r respect ive of any dynam ic 
r e s p o n s e of the s t ruc ture . The background R M S va lue of A j (t) is 
g iven by 

0 A B j = ° F i ' K i (7) 

(c) A f luc tuat ing component due to the resonance of the s t ruc ture . 
T h e R M S of th is is given by 

° A * i = > / i t K * \ n J S F j < n j ) (8) 

where i is the cr i t ica l damping ratio and S F j is the power spec t ra l 
dens i ty (PSD) of F(t) at the f requency nj of the mode under con
s idera t ion . 
In order to ca l cu la te the mean and R M S va lues of the genera l ized 
d i sp lacemen t it is n e c e s s a r y to determine the mean , R M S and P S D 
of the genera l ized force F . T h i s is d i s c u s s e d in the next sec t i on . 

Determinat ion of genera l ized force 
Genera l i zed ae rodynamic fo rces c a n be es t ima ted ana ly t i ca l l y or 
by performing wind tunnel tes ts . T h i s sec t ion desc r i bes how 
genera l ized fo rces in mean , R M S and P S D componen ts are deter
mined f rom the resu l t s of force ba lance m e a s u r e m e n t s on a rigid 
model in a wind tunnel tes t , (in wh i ch no s t ruc tu ra l dynamic e f f ec t s 
are model led). The b a s e f o r ces and moments measu red are purely 
ae rodynamic fo rces wh ich c a n be e x p r e s s e d a s : 

F o r c e in x-dirn : x B « > = 

F o r c e in y-dirn F y B ( t ) = J " w y d z 

Moment about x - a x i s M x g ( t ) = J " w y z d z 

( 9 ) 

(10) 

(11) 

coe f f i c i en ts in di f ferent w a y s . For examp le , the w indspeed c a n be 
def ined a s any one of the fo l lowing: 
(a) T h e m e a n or gust speed at the height under cons idera t ion in 

the free a i r s t ream upwind 
(b) T h e mean or gust speed at the re ference height (usual ly 10m) 

either at the s i te or reduced to a s tandard exposu re 
(c) T h e mean gradient w indspeed 
(d) T h e mean or gust at ei ther the top or mid-height of the 

bui lding under cons idera t ion ei ther wi th or without the 
bui lding there. 

The p ressu re coef f i c ien t when appl ied to the m e a n w indspeed 
may a lso ei ther give a mean or a gust p ressure , a s di f ferent codes 
treat the e f f ec t s of g u s t s in di f ferent w a y s . Cons ide rab le cau t ion 
must therefore be e x e r c i s e d when apply ing Equa t ion (1) in 
s i tua t ions not expl ic i t ly covered by the re levant code , par t icu lar ly 
when us ing informat ion from publ ished l i terature. 
The re is, however , a fundamenta l defect in Equa t ion (1) in that it 
t reats the p ressu re coef f i c ien t in a de termin is t i c way . A l though 
the w indspeed itself is usua l l y determined by a probabi l is t ic 
approach , app l ica t ion of Equat ion (1) imp l ies a unique 
re la t ionship between veloci ty and p ressure . 
The code app roach , when app l icab le , shou ld be regarded a s a 
way of ach iev ing sens ib le upper bound v a l u e s for s t rength 
des ign . However , it may bear little r esemb lance to what happens 
in reali ty and wil l usua l ly be of l imited use in serv iceab i l i ty 
ca l cu la t i ons . 

Fur ther in format ion on p ressu re d is t r ibut ions is ava i lab le in the 
E S D U pub l i ca t i ons 2 a l though these a l s o tend to be determin is t ic 
in app roach . 
If it is required to invest igate p r e s s u r e s further, then th is is best 
done by m e a n s of a wind tunnel test . T h e remainder of th is paper 
d i s c u s s e s what is involved. 

W IND T U N N E L T E S T P R O C E D U R E 
The f irst s tep is to make a s c a l e model of the pro jected develop
ment. T h i s need not be an exac t rep l ica of what is to be built 
(general ly th is is not poss ib le a n y w a y during the init ial des ign 
s t a g e s when the des ign in format ion is required), but shou ld 
conta in those e lemen ts that wi l l have a s ign i f i can t e f fect . S o m e 
s imp l i f i ca t ion is indeed of benefi t when interpret ing the 
resu l t s ,as it is l e s s l ikely that s ign i f i can t f ac to rs wi l l be obscu red 
by super f i c ia l e f f ec t s . S imi la r ly , the surrounding a r e a need only 
be model led in a very genera l ized way . 

T h e model is then mounted in the wind tunnel on a turntable s o 
that w ind f rom all d i rec t ions c a n be model led. T h e s ize of the 
model is natura l ly l imited by the d imens ions of the wind tunnel a s 
the 'b lockage factor ' (i.e. the ratio of the a rea in e levat ion of the 
model to the a rea of c ross -sec t i on of the tunnel) must be kept 
suf f ic ient ly low, o therw ise the edge e f f ec t s of the s i des of the 
tunnel become s ign i f i cant . 

It is a l so e s s e n t i a l that the wind s t ruc ture is cor rec t ly model led 
and the pro f i les of the var ia t ion of mean w indspeed and 
turbulence wi th height shou ld be spec i f i ed . It is a l s o n e c e s s a r y to 
spec i f y the Power Spec t ra l Dens i ty wh ich de f i nes how the 
turbulence is sp read a c r o s s the range of gust f requenc ies . 
Fur ther de ta i l s on the procedures are con ta ined in R e f e r e n c e s 3 
and 4. 

S T A T I S T I C A L T H E O R Y 
Probabi l i ty d is t r ibu t ions 
F i g . 3 s h o w s three probabi l i ty d is t r ibut ions that a re common ly 
used in wind engineer ing. 
It is important to d is t ingu ish between the Probabi l i ty Densi ty 
Func t ion ( P D F ) and the Cumu la t i ve Probabi l i ty Func t i on ( C P F ) . 
T h e C P F is the integral of the P D F . 

The Normal distribution 
The P D F of the Normal (or G a u s s i a n ) d ist r ibut ion is given by 

where 
ox 

(2) 

(3) 

x = the mean of x 
°x = the s tandard deviat ion of x. 

Equat ion (2) must be integrated numer ica l l y to obta in the C P F . 
The Fisher-Tippett Type 1 distribution 
F i s h e r and Tippett invented three d is t r ibut ions w h i c h they ca l led 
T y p e s 1 to 3. Gumbe l w a s the f irst to apply the T y p e 1 d ist r ibut ion 
to natura l ly occur r ing phenomena and th is d is t r ibut ion is there
fore s o m e t i m e s referred to a s the Gumbe l d is t r ibut ion. 
T h e FT-1 dist r ibut ion is common ly used in two w a y s in wind 
engineer ing: f i rst to desc r ibe the occu r rence of w ind speeds , for 

examp le the dist r ibut ion of the annua l m a x i m a ; second ly , to 
descr ibe the occu r rence of a peak gust va lue, for examp le the 
m a x i m u m p ressu re that wi l l occu r in any one hour. 

T h e C P F of the FT -1 d ist r ibut ion is given by 
- a (x - u) 

P = e " e (4) 

where P is the probabi l i ty that x wi l l nor be e x c e e d e d . 
u is the mode 
l/a is the d ispers ion 
It is of ten convenient to rear range Equat ion (4) 
thus 

i o g e i o g e ( 1 / p ) (5) 

When apply ing the FT -1 dist r ibut ion it is usua l l y convenient to 
work wi th the mode and d ispers ion . The mean and s tandard 
dev ia t ion, however, can be e x p r e s s e d a s fo l lows: 

0.577 

1.282 
a 

( 6 ) 

(7) 

The Weibull distribution 
Whi le the FT -1 distr ibut ion is normal ly appl ied to the ex t reme 
v a l u e s of a populat ion, for examp le the m a x i m a occur r ing e a c h 
year , the Weibu l l (or F isher -T ippet t Type 3) d is t r ibut ion is of ten 
used to desc r i be the populat ion a s a whole . T h e C P F is given by 

- ( X ' c ) 

P = e (8) 

Here P is the probabil i ty that x will be e x c e e d e d , c and k are 
c o n s t a n t s . 
If k = 1 then the dist r ibut ion is exponent ia l and if k = 2 it is known 
a s the Ray le igh Distr ibut ion. E x p r e s s i o n s for the mean and 
s tandard deviat ion do ex is t but they are in te rms of g a m m a 
func t ions and require tab les to eva lua te . 

Other distributions 
Other d is t r ibu t ions s o m e t i m e s ment ioned in the l i terature are the 
Lognorma l d ist r ibut ion (wh ich is a normal d ist r ibut ion appl ied to 
the logar i thm of x) and the FT -2 (or F reche t ) d is t r ibut ion (wh ich is 
a FT-1 d ist r ibut ion appl ied to the logar i thm of x) . 

Var ia t ion of p ressu re wi th t ime 
The var ia t ion of p ressu re at a point on the s u r f a c e of a bui lding is 
shown d iag rammat i ca l l y in F i g . 2. T h e d is t r ibut ion of gust 
p r e s s u r e s about the mean va lue is usua l l y wel l desc r ibed a s a 

NORMAL DISTRIBUTION 

F I S H E R T I P P E T T T Y P E I DISTRIBUTION 

WEIBULL DISTRIBUTION 

F i g . 3 
Probabi l i ty d is t r ibu t ions 



Seminar on wind effects on buildings 
These two papers by David Croft and Michael Willford formed part of the above Ove Arup Partnership seminar, held in London in May 1983 

Surface pressures 
David Croft 
S Y N O P S I S 
In th is paper the genera l pat tern of w ind f low around bui ld ings is 
d i s c u s s e d briefly and s o m e of the d i f f i cu l t ies wi th the use of 
p ressu re coe f f i c i en ts ident i f ied. 
Most of the paper, however, is concerned wi th wind tunnel 
tes t ing, in par t icu lar the need to spec i f y the test properly and to 
interpret the resu l t s cor rect ly , if meaningfu l des ign va lues are to 
be obta ined. To th is end s o m e s ta t i s t i ca l theory is presented. 
During the las t year a number of wind tunnel t e s t s have been 
car r ied out for var ious par ts of the f i rm. One s u c h test is 
descr ibed in detai l and is used to i l lust rate the va r ious s ta t i s t i ca l 
concep ts . 

The t reatment of internal p r e s s u r e s is d i s c u s s e d , somewha t 
inconc lus ive ly , and the va r ious other a s p e c t s that shou ld be 
cons idered when determin ing des ign p r e s s u r e s are ident i f ied. 
It shou ld be noted that the paper is b a s e d pr imar i ly on exper ience 
gained on high r ise bui ld ings and may not be direct ly app l i cab le 
ei ther to s h e d s and other low r ise s t ruc tu res or to tal l m a s t s and 
towers . 

W IND F L O W A R O U N D B U I L D I N G S 
For a genera l t reatment of wind e f f e c t s on bui ld ings, L a w s o n 1 is 
recommended. 
F ig . 1 s h o w s typ ica l f low pat terns around three di f ferent s h a p e s 
of body. 
With a s t reaml ined body the f low rema ins a t t ached ' over the 
whole s u r f a c e and posi t ive and negat ive p r e s s u r e s occur a s 
shown . 

S t r e a m l i n e d b o d y C i r c u l o r b lu f f b o d y 

R e c t a n g u l o r b l u f f b o d y 

P r e s s u r e d i s t r i b u t i o n 

o n s e c t i o n o b c 

With the c i rcu la r shape the f low is a t tached on the w indward f a c e 
but s e p a r a t e s ' at some point around the su r f ace . In the a t tached 
regime both posi t ive and negat ive p r e s s u r e s occur ; in the a rea of 
separa ted f low the p r e s s u r e s are general ly negat ive only. 
The point at wh i ch the f low s e p a r a t e s is dependent on the 
Reyno lds Number (def ined a s R e = DV/v where D is the d iameter , 
V the veloci ty and v the v i scos i t y ) , the s u r f a c e roughness and to a 
lesse r extent the level of tu rbu lence. 

The wind f low around a bluff body s u c h a s a bui lding is somewha t 
more comp lex . On the w indward face , above the ' s tagna t ion 
point ' wh ich is normal ly about § of the way up, the f low tu rns 
upwards over the top of the bui lding. Be low the s tagna t ion point 
the air p a s s e s d o w n w a r d s a s shown . T o w a r d s e a c h front edge the 
wind p a s s e s hor izontal ly around the s i des . 
T h e f low is usua l l y a t tached on the w indward f ace and sepa ra ted 
on the leeward face . On the s ide f a c e s it wil l depend on the ang le 
of inc idence ; wi th the w ind normal to one face , the f low on both 
s i des wil l be separa ted , a l though if the d imens ion in the d i rect ion 
of the wind is large the f low may ' reat tach ' . 

Wi th the wind on one corner the flow wi l l genera l ly be a t tached on 
two f a c e s and separa ted on the other two. 
The above commen ts apply main ly to smooth f low. Turbulent f low 
in t roduces f luc tua t ions a s i l lust rated d iag rammat ica l l y in F i g . 2 
and depending on the degree of turbu lence, sma l l negat ive gust 
p e a k s may occur on the w indward f a c e and posi t ive peaks on the 
leeward f ace a l though the mean v a l u e s wil l genera l ly fol low the 
above pattern. 

P R E S S U R E C O E F F I C I E N T S 
The p ressu re at a point on the s u r f a c e of a bui lding sub jec ted to 
wind act ion c a n be e x p r e s s e d a s fo l lows: 

P ='/2pV2Cp (1) 
where p is the dens i ty of air 

V is the w indspeed 
C p i s the p ressure coef f i c ien t . 

The dens i ty of air in the s tandard a tmosphere condi t ion (101.3kPa 
and 15°C) is 1.225kg/m 3 and CP3: Chapter Vis based on th is . 
The Aus t ra l i an and South A f r i can C o d e s are b a s e d on an ambient 
temperature of 20°C giving a 2 % reduct ion in dens i ty . The dens i ty 
of air in the C a n a d i a n Code co r responds to a temperature of 0°C, 
an i nc rease of 6 % in dens i ty . 
The South A f r i can Code a l s o a l l ows a reduct ion in dens i ty w i th 
al t i tude a s fo l lows: 

Height above s e a level (m) F a c t o r 

500 0.93 
1000 0.88 
1500 0.83 
2000 0.78 

The va r ious wind codes def ine how Equa t ion (1) is to be appl ied 
a l though not al l codes apply it in the s a m e way . T h e s i tuat ion is 
somewha t more comp l i ca ted when resu l t s of w ind tunnel t e s t s 
are cons ide red , a s di f ferent laborator ies def ine p ressu re 

F i g . 1 
Typ i ca l w ind f low pat terns 

F i g . 2 
D iag rammat i c t race of var ia t ion 
of p ressu re wi th t ime 

l 0 second vtervals 
I 11 » ' •'"'» 

10 second tfiter vals 

1 mmule f armoscneie - 0 6 0 seconds in wind tunnel -

Moment about y -ax i s M y B ( t ) = J " w x z d z 
0 

Torque " S B " ) 

(12) 

(13) 

0 

Mean, R M S and P S D va lues are measu red . In prac t ice they are 
measu red in model s c a l e uni ts but c a n then be factored up to full 
s c a l e va lues , and it is the latter that are referred to here. 
Usua l l y most of the contr ibut ion of the response of a tal l bui lding 
c o m e s from the three fundamenta l , ' f i rst ' modes . E a c h fundamen
tal mode may conta in x, y and 9 componen ts in its mode s h a p e (if 
coupl ing is present) and for e a c h s u c h mode the genera l ized force 
c a n be es t ima ted by a s s u m i n g a l inear form for the x and y com
ponents and a cons tan t va lue for the 9 component , i.e., 

Mx M V = 
(14) 

H r i H "9 9 
where a x , a y , a ^ are the va lues of » J x , ny. M9 respect ive ly at z = H . 

Subst i tu t ing in Equa t ion (1) 

H H H 

Fj(t) = ^ f w x z d z + ^ J w y z d z + ae J T C J ; 

3

H

X M y B ( ' ) + J M x B < ! > + a 9 M 8 B « ) (15) 

The mean , R M S and P S D va lues of F c a n thus be e x p r e s s e d in 
te rms of the mean , R M S and P S D v a l u e s of the base ba lance 
read ings. The mean va lue is given by: 

F i = H M y B + H M x B + a 8 M 8 B ( 1 6 > 

It is usua l ly found that there is little corre lat ion between the three 
componen ts , s o that the R M S of F is given by: 

0 2 = / a x f 0 2 + ( 3 y f „ 2 + a V 2 „ 
F j \ H ' M y B \ H ' M x B ° M9B 

For the power spec t ra l dens i ty , noting that 

(17) 

J s F j ( n ) d n = o 2

F . J S M x B ( n ) d n = o 2

M x B e tc 

0 0 

and subst i tu t ing in Equat ion (17) then 

0 0 a 2
 0 0 a 2 0 0 

J S p j l r O d n = ( H * ) J S M y B (n)dn + ( ?) J " s M x B ( n ) d n 
0 0 0 

2 7 
+ a9jsneB(n>dn 

0 

f rom wh ich it fo l lows 

SFj(n) =(a

H

X)2SMyB(") + (a f̂sMxB<n> + aeSMflB(n> (18) 

Node d i s p l a c e m e n t s 
Hav ing ca l cu la ted the genera l ized d i s p l a c e m e n t s for e a c h mode, 
the d i s p l a c e m e n t s of individual nodes c a n be found. 
The i ns tan taneous d i sp lacemen t of a given node cor respond ing to 
mode j is given by: 

x j ( t ) = A j ( t ) v X j i 
y j (t) = A j ( t ) ^ y j I (19) 
e j <t) = A j <t> ipoj ) 

Here the mode s h a p e n> re la tes to the node under cons idera t ion a s 
opposed to that of the force origin u. 1 ^ is re lated to H at the s a m e 
level by an or thogonal t rans format ion . 
Combin ing the cont r ibut ions from all modes the mean va lues are 
then given by 

x " = £ ( A j V , x j ) 1 

y = 2 ( A > y j > [ (20) 
e = 2 ( A j ^ 9 j ) ) 

where the summat ion is for al l modes cons ide red . The R M S def lec
t ions are given by 

v O £ < ° A B j V x j > 2 + 2 < ° A R j v x | ) 2 l 

+ 2 ( ° A R j v y i ) 2 l 
(21) 

^ ( g R O A R j ^ y , ) 2 ) 

(22) 

> r x i : 
° y = V l 2 < ° A B j V y j 

etc 

Equa t i ons (21) imply zero corre lat ion between the background and 
resonant response and a l s o between the di f ferent modes. T h i s is 
normal ly found to be a reasonab le assump t i on . 
The expec ted m a x i m u m (or peak) va lues are given by 

* m a x = * + v r i 2 ( g B o A B j v x j ) 2 + S ( g R o A F 

y m a x = y + v r l 2 ( g B o A B j V y j ) 2 

etc. 

The peak fac to rs g B a n d g R for the background and resonant c o m 
ponents are given by 

0.577 
g = v r ( 2 l o g e , T ) + v r ( 2 | o g e i ) T ) 

where v is the cyc le f requency and T is the length of t ime con
s idered (usual ly one hour, i.e. 3600 s e e s ) . 
For the resonant component , v is taken a s the f requency n j of the 
mode cons idered wh ich leads to va lues of g R in the range 3.5-4.5. 
For the background component , v is given theoret ica l ly by 

(23) 

J " n 2 S F j ( n ) d n (24) 

S F j ( n ) d n 

but is usua l ly taken a s a cons tan t 3.5 wh ich is a typ ica l average 
va lue given by Equat ion (24). 

Node acce le ra t i ons 
T h e mean va lues of al l the acce le ra t i ons wi l l , of cou rse , be zero. 
The R M S acce le ra t ion of a node c a n be obta ined from the resonant 
genera l ized d i sp lacement R M S thus 

° x = v r l 2 C A R j ^ x j 4 i T 2 n 2 ) 2 | ( 2 5 ) 

etc. 

The expec ted m a x i m u m va lues are then 
* m a x = v r l S ( g R o A R j V x j 4 " 2 n j 2 » 2 l (26) 

"° P R X = CM] ~°x" 

° P R Y ° y 

_°PR9. 

where gpj is a s def ined in sec t ion above on node d i sp l acemen ts . 

Node inert ia fo rces 
The R M S inert ia fo rces c a u s e d by the acce le ra t ion of the s t ruc tu re 
can be found from the node acce le ra t i ons thus 

(27) 

where the acce le ra t i ons are eva lua ted us ing Equa t i ons (25) and the 
mode s h a p e s ^ of the re fe rence a x i s , and I M I is the m a s s matr ix a s 
used in Equat ion (3). 

B a s e s h e a r s and momen ts 
The b a s e fo rces and momen ts in e a c h mode wi l l a l so be made up of 
mean , background and resonant componen ts . T h e mean and 
background componen ts are given direct ly by the b a l a n c e 
measu remen ts . The resonant componen ts c a n be s imply ob ta ined 
by summing the inert ia fo rces given by Equat ion (27) up the 
bui lding for each node in turn. The R M S resonant b a s e s h e a r s and 
moments for mode j a re then given (for a lumped m a s s model) by 

0 F x R j 

° F y R j 

° M x R j 

° M y R j 
0 M 8 R j 

= ( 2 T t n j ) 2 o A R j 2 [ M ] 

(28) 

where I M I and z are the m a s s matr ix and height of a lumped m a s s 
and the summat ion is for al l the lumped m a s s e s . 
T h e R M S va lues are then given by equa t i ons of the form 

F x ° 2 F x B + £ < ° 2 F x R j > (29) 

where the summat ion is for al l modes . 
T h e expec ted m a x i m u m v a l u e s are s imi lar ly given by 

F x m a x = F x B + v r K g B ° F x B > 2 + 2 ( 9 R O F x R i ' 2 1 

where g B and g R are a s def ined in the sec t ion on node 
d i sp lacemen ts . 

(30) 



Arup Ideas 
Competition 

Fi rs t pr ize: 
'The Red Ba l l oon ' 
A las ta i r Hughes 

In Apri l th is year an Ideas Compet i t ion , 
thought up by S tuar t R i cha rdson of 
Bui ld ing Eng ineer ing Group 2, w a s held 
wi th over £1,000 prize money on of fer for 
des igns for the most or ig inal pavi l ion at 
E x p o ' 89 in P a r i s . (Th i s w a s before the Expo 
w a s cance l led . ) The re were 83 ent r ies , from 
wh ich 11 were c h o s e n at the prel iminary 
judging s tage in J u n e to go forward to the 
second s tage , when the s u c c e s s f u l ones 

were required to develop their ideas on a 
m a x i m u m of three s h e e t s of A1 paper. T h e 
compet i t ion c losed on 1 Augus t , when the 
en t r ies were given to two a rch i tec ts , Te r r y 
Far re l l and Tom Heneghan who ac ted a s 
guest judges . Their dec i s i on c a m e within a 
few d a y s and in late Sep tember the w inn ing 
d e s i g n s were put on d isp lay . 
T h e top s ix are featured here, together w i th 
the j udges ' commen ts . 
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A s imp le idea , the s imp l i c i t y of w h i c h would t r ans la te into real i ty. Very we l l p resen ted , both at the b a s i c c o m m u n i c a t i o n 
level and g raph ica l l y (without resor t ing to ex t raord inary d raugh tsmansh ip ) ; the key no t ions are very e f fec t ive ly e x p l a i n e d . 
T h e bui ld ing wou ld be s o s imp le and memorab le (and beaut i fu l ) . Br i l l ian t ly r eso l ves the ques t ion of future u s e under the 
paragraph 'Quant i ty Su rvey ing ' - a head ing so resound ing ly dul l and inappropr ia te that it drew the eye immedia te ly . 
Eng ineer ing p r o w e s s is a l s o demons t ra ted in th is entry, but not at the e x p e n s e of popular imagery . The idea of mak ing 
f l ags from the ba l loons a p p e a l s eno rmous l y - a s the huge red symbo l wou ld af ter the event be d is t r ibuted through the country. 
A very s y m b o l i c ges ture , a s indeed the who le concep t i s s t rong symbo l i ca l l y and very appropr ia te for an in ternat iona l E x p o . 
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F i g . 17 
L H D and muck sk ip • 

at the b a s e of Sha f t No 2 
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F i g . 15 
(Photos : 9-12, S imon Murray. B las t i ng pattern for tunnel excava t ion 
13-14, A lan Kemp. 16, War ren Beynon) 
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F i g . 16 
Drill j u m b o s in the tunnel 

F i g . 18 
The tunnel excava t i on 

sub-con t rac to r ' s underground plant. T h i s 
length of tunnel w a s e x c a v a t e d in two 
s t a g e s . F i rs t a top heading w a s e x c a v a t e d 
in the upper half of the tunnel sec t ion (F i g . 
13). T h e bench in the lower half of the 
sec t ion w a s then removed. 
T h e ma in tunnel excava t i on is being car r ied 
out by dri l l ing and b las t ing full f ace . E a c h 
c y c l e of excava t i on c o m m e n c e s wi th the 
set t ing out on the face of the pattern of 125 
cha rge ho les (F ig . 15). T h e ar rangement of 
ho les , the cha rge in e a c h and the s e q u e n c e 
of detonat ion is des igned to remove and 
f ragment the required amount of rock wi th 
the m in imum of overbreak. The sequenc ing 
of de tona t ions us ing s tandard d e l a y s 
e n s u r e s that the energy t ransmi t ted into 
the ground is sp read over a period of 
severa l s e c o n d s , thereby min imiz ing the 
v ibrat ion levels expe r ienced at ground 
s u r f a c e . 

The cha rge ho les are dri l led wi th two three-
boom jumbos (F i g . 16). T h e s e m a c h i n e s are 
t racked p la t forms on wh ich are mounted 
three hydrau l ica l ly -pos i t ioned dr i l ls . T h e 
p la t fo rms are large enough to a l low the 
dr i l ls to reach al l par ts of the f ace . T h e dr i l ls 
t hemse l ves are cons ide rab ly more powerfu l 
than the a l ternat ive hand-operated dr i l ls 
and c a n ach ieve much fas te r dri l l ing ra tes . 

Af ter the ho les have been charged and the 
round f ired, the f ace is vent i la ted to remove 
res idua l g a s e s . A c c e s s c a n then be ga ined 
for barr ing down loose rock to make s a f e 
the a r e a around the muck pile. Muck ing out 
is being done wi th an L H D (F ig . 17). T h i s 
rubber-tyred excava to r loads the broken 
rock and t ranspor ts it to a temporary s tock

pile at the b a s e of the sha f t . A c rawler 
loader t r ans fe rs the rock f rom the s tockp i le 
into the sk ip for hois t ing to s u r f a c e . 
To date the pr imary support in the tunnel 
excava t i on h a s been l imited to o c c a s i o n a l 
rock bol ts required to s tab i l i ze individual 
rock w e d g e s . S tee l s e t s a re kept on s i te in 
c a s e they are needed for the support of 
loca l ized z o n e s of highly wea the red rock. 
In the excava t i on of a tunnel in t hese con
d i t ions it is important to invest igate the 
ground a h e a d of the face to detect poten
t ial haza rds before they a re exposed . At 
approx imate ly week ly in terva ls three 
hor izontal probe ho les are dr i l led a depth of 
20m into the f ace . The ra tes of penetrat ion 
of the dril l b i ts a re m e a s u r e d a s a 
compara t i ve ind icat ion of the s t rength of 
the rock m a s s . T h e ra tes of f low of water 
out of the probe ho les are a l s o recorded. 
Where s ign i f i can t f l ows of water are en
countered, the ground a h e a d of the f ace is 
grouted before being e x c a v a t e d . 

Fu tu re work 
At the t ime of wr i t ing, the tunnel f ace is 
150m from S h a f t No. 2. A further 205m of 
tunnel remain to be e x c a v a t e d . It is in
tended that the b a s i c method of excava t i on 
wi l l be unchanged a l though the muck ing 
opera t ions wi l l be a f fec ted by the 
i nc reas ing hau lage d i s t a n c e s and s teeper 
g rad ien ts a s the excava t i on a p p r o a c h e s 
Sha f t No. 1. 
Sha f t No. 1 is p lanned to be e x c a v a t e d in 
two opera t ions . T h e sub-cont rac tor respon
s ib le for the cons t ruc t ion of the basemen t 
wi l l s ink the sha f t to a depth of about 15m 
below basemen t level. The sub-cont rac tor 

for the s e a w a t e r s y s t e m wil l then ra i se the 
remain ing 20m of sha f t f rom the tunnel . T h e 
relat ively sma l l height of the ra i se pre
c l udes the use of soph i s t i ca ted boring 
equ ipment . It is probable that the ra i se wi l l 
be execu ted by drill and b last us ing a 
s imp le c l imbing s tage for a c c e s s . 
On comple t ion of the excava t i on the s h a f t s 
and tunnel wi l l be l ined wi th c a s t in s i tu 
conc re te l in ings and the m e c h a n i c a l and 
e lec t r i ca l w o r k s wi l l be ins ta l led . T h e 
s y s t e m is programmed to be comple ted in 
Sep tember 1984. 
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F i g . 9 
Sha f t No 2: Concre t ing a d iaphragm wal l panel 

F i g . 10 
Sha f t No 2: Cons t ruc t i on of a wa l ing beam 

F i g . 11 

Sha f t No 2: The start of excava t i on 

F i g . 12 

Sha f t No 2: T h e upper sec t i on 

F i g . 13 

E x c a v a t i o n of a top head ing in the tunnel ' ; d 

F i g . 14 
Dri l l ing charge ho les wi th an air leg dril l 

v 13 

At the des ign s tage severa l a l ternat ive 
tunnel s e c t i o n s were inves t iga ted . The 
ob ject ive w a s to des ign a l ining sec t i on 
w h i c h con ta ined the min imum vo lume of ex
cava t i on , required little or no re in forcement 
and provided the cont rac tor wi th a f lat 
invert in the excava t i on to act a s a roadway 
dur ing cons t ruc t ion . T h e tender des ign (F ig . 
8) w a s a ho rseshoe sec t ion wi th re in forced 
invert s l ab and an unre in forced a r ch . 
Hav ing been awarded the sub-con t rac t the 
con t rac to r proposed that the tunnel l ining 
be changed to an unre in forced c i r cu la r sec 
t ion. T h e cont rac tor cons ide red that the 
i n c r e a s e in the vo lumes of e x c a v a t i o n and 
conc re te were more than ba lanced by the 
e l iminat ion of the re in forcement in the 
invert s lab . The con t rac to r ' s p roposa l w a s 
eva lua ted and h a s been adopted. T h e lay
out of the s e r v i c e s within the tunnel h a s 
been redes igned for the reduced mech
a n i c a l s y s t e m . 

T h e cons t ruc t i on of Sha f t No. 2 
T h e cons t ruc t ion of the d iaphragm wa l l for 
the upper half of Sha f t No. 2 c o m m e n c e d in 
May 1982 and w a s comple ted in Feb rua ry 
1983. It w a s a rout ine e x e r c i s e in d iaph ragm 
wa l l cons t ruc t i on , s tar t ing wi th the dr i l l ing 
of prebores to def ine the f inal depth of e a c h 
panel and ending wi th the e x c a v a t i o n and 
concre t ing of the f ina l panel . 
T h e key to the s a f e cons t ruc t ion of dia
phragm w a l l s in sens i t i ve a r e a s is an 
e f fec t i ve s y s t e m of monitor ing and a n a 
lyzing the response of the ground to the 
e x c a v a t i o n of e a c h panel . At Sha f t No. 2 the 
e x c e s s head of bentoni te wi th in the panel 
being e x c a v a t e d w a s ma in ta ined by de-

water ing from we l l s ins ide the sha f t . 
P iezomete rs were ins ta l led in the C D G 
around the wal l pane ls to ensu re that the 
head w a s main ta ined wi thout e x c e s s i v e 
d rawdown. Inc l inometers were ins ta l led 
ad jacen t to cr i t ica l pane ls to monitor the 
lateral movement of the ground dur ing 
panel excava t i on . 
T h e monitor ing of ground s u r f a c e sett le
ment points showed that dur ing the con
cret ing of the pr imary pane ls the ground 
nearby set t led by up to 75mm. Invest igat ion 
showed that th is w a s c a u s e d by the re
moval of the 40m long stop-end tubes a s 
the conc re te w a s poured. (F i g . 9). T h e j a c k s 
used to lift the tubes were exer t ing very 
large reac t ions on the guide w a l l s and 
ef fec t ive ly j ack ing them into the ground. 
O n c e recogn ized, the problem w a s so lved 
by care fu l contro l of the j ack ing operat ion. 

On comple t ion of the d iaphragm wa l l 
pane ls , the toe of the wa l l w a s grouted 
through tubes c a s t into the pane ls and 
boreho les dri l led around the ou ts ide of the 
wa l l . T h e object of th is e x e r c i s e w a s to 
c rea te a sea l between the bottom of the 
wal l and the under ly ing bedrock. A pump 
test w a s car r ied out to con f i rm that the 
comple ted wal l met the requ i rements of the 
per fo rmance spec i f i ca t i on and al l w a s then 
ready for the sha f t to be e x c a v a t e d . 
The e x c a v a t i o n of the sha f t w a s an exc i t ing 
t ime on s i te . For the f i rst t ime the team 
cou ld s e e the s t ra ta w h i c h hi therto had 
been obscu red with bentoni te. The e x c a v a 
t ion c o m m e n c e d with the break ing out of 
the inner guide wa l l ( F i g . 10). A hydrau l i c 
excava to r w a s then p laced in the sha f t to 

dig the soi l and load it into s k i p s to be l i f ted 
to the su r f ace . A s e a c h wa l ing beam level 
w a s reached the excava t i on w a s tem
porari ly ha l ted, the connec t ing reinforce
ment bent out from the d iaphragm wa l l and 
the wa l ing beam c a s t (F ig . 11). 

Af ter 12 w e e k s of excava t i on the toes of the 
d iaphragm wa l l pane ls were f inal ly 
reached . T h e e x p o s e d rock s u r f a c e w a s 
c l eaned and a large concre te co l la r formed 
on it to def ine the t rans i t ion to the lower 
half of the sha f t . The upper half of Sha f t No. 
2 w a s comple te (F ig . 12). 

The cons t ruc t ion of the tunnel 
Aoki Cons t ruc t i on C o m p a n y L td . moved 
onto s i te in February 1983. The i r f irst t ask 
w a s to es tab l i sh the s i te in f ras t ruc tu re 
n e c e s s a r y for the shaf t s ink ing and tunnel
ling works (F i g . 6). T h e key to the p lanning 
of the in f ras t ruc ture w a s the method of 
removing broken rock from the under
ground works . T h e sub-cont rac tor ins ta l led 
a sk ip s y s t e m in Sha f t No. 2. T h e sk ip is 
ho is ted on guide ra i ls by a w i n c h housed in 
a headgear at the top of the sha f t . T h e sk ip 
d i s c h a r g e s into a holding bin at s u r f a c e . 
F rom the bin the rock is car r ied by conveyor 
to a barge moored ad jacen t to the s i te . 

The lower sec t i on of Sha f t No. 2 w a s sunk 
by dril l and b las t t echn iques to i ts f ina l 
depth of 80m. Shot ho les were dri l led wi th 
hand-operated air leg dr i l ls . Af ter the b last 
the muck w a s loaded into the sk ip wi th a 
s m a l l hydrau l ic excava to r . 

W h e n the excava t i on reached the sha f t 
invert a 20m length of tunnel w a s dr iven to 
c rea te s p a c e for the es tab l i shmen t of the 
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t r a n s l u c e n t c ladding 
e v e r y w h e r e 

Very s e n s u o u s , romant i c and F r e n c h (or at leas t a s the F r e n c h are popular ly seen ) . 
In eng ineer ing te rms , there are unce r ta in t i es and con t rad ic t i ons ; the s t rength l i es in i ts 
s o f t n e s s , co lour , texture, form and , to s o m e extent , i ts s y m b o l i s m - and l e s s in i ts 
eng ineer ing . A very beaut i fu l p roposa l , the only reserva t ion being that the app le ' 
might not be perce ived at ground level - only from the E i f f e l Tower . B y far the most 
seduc t i ve of the en t r ies - and one mus t beware of th i s sort of seduc t i on . But the 
d raw ings convey a conv inc ing fee l ing for the c h a r a c t e r and potent ia l of th is s c h e m e . 
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At the p lanning s tage the need for secon
dary l in ings w a s a s s e s s e d and out l ine 
spec i f i ca t i ons were prepared for their 
des ign . A s the tunnel and shaf t e x c a v a t i o n s 
were des igned to be sel f -support ing the 
pr imary funct ion of the seconda ry l in ings 
w a s to contro l the f low of groundwater in
to the permanent works . Inves t iga t ions 
showed that the opt imum solut ion for both 
s h a f t s and tunnel w a s a c a s t in s i tu 
conc re te l ining cons t ruc ted af ter 
complet ion of the excava t i on . 
T h e f inal s t age in the p lanning of the under
ground works w a s to conf i rm that the 
s h a f t s and tunnel cou ld be cons t ruc ted in 
the t ime ava i lab le in the overal l programme. 
T h i s e x e r c i s e w a s car r ied out by the con
s t ruct ion managemen t consu l t an t s B u s h 
and Renn ie In ternat ional who prepared an 
ind icat ive cons t ruc t ion method s ta tement 
and programme. 

Des ign of Sha f t No. 2 
T h e des ign of the upper half of Sha f t No. 2 
w a s a geomet r ica l problem. The s i te w a s 
cons t ra ined on al l four s i d e s by ex is t i ng 
s e r v i c e s and the City Hal l Memoria l 
G a r d e n s ( F i g s . 6 and 7). C a l c u l a t i o n s had 
shown that if the d iaphragm wal l cou ld be 
cons t ruc ted in a c i rc le the ex terna l 
p r e s s u r e s from the soi l and water could be 
car r ied in ring compress ion wi th in the wal l 
sec t ion . If the layout of the sha f t deviated 
too far from a c i r c le it would be n e c e s s a r y 
to cons t ruc t hor izontal d i aph ragms wi th in 
the sha f t to support the wal l pane ls . 
Armed with the d imens ions of s tandard 
d iaphragm wal l g rabs , the des ign team set 
out to demons t ra te that it w a s feas ib le to 
cons t ruc t a c i rcu la r d iaphragm wal l wi th an 
internal d iameter of only 12.0m. Before long 
it w a s c lear that the solut ion would vary 
from cont ractor to cont ractor depending on 
the s ize of their equipment . T h e obv ious 
so lut ion w a s to invite con t rac to rs to submi t 
tenders for the des ign and cons t ruc t ion of 
the sha f t . 

T e n d e r s were invited on the b a s i s of geo
met r ica l l imi ts and a per fo rmance spec i f i 
ca t ion . T h e cont rac t w a s awarded to B a c h y 
S o l e t a n c h e Group who proposed a c i rcu la r 
sha f t cons t ruc ted from 1.2m th ick dia
phragm wal l pane l s (F ig . 7). T h e sha f t 
required no internal hor izontal suppor ts 
provided that it w a s cons t ruc ted a s a c i rc le . 
There w a s conce rn that if the d iaphragm 
wal l pane ls were not ver t ica l the hor izontal 
sec t ion at the b a s e of the sha f t cou ld 
deviate so far f rom a c i rc le a s to inval idate 
the assump t i on of pure ring c o m p r e s s i o n . 
T h i s led to a requirement that the wal l 
pane ls be cons t ruc ted to a ver t ica l 
to le rance of 1/160. 

Wa l ing b e a m s are required in Sha f t No. 2 
for the support of the s tee l floor beams . In 
addi t ion a t rans i t ion co l lar is provided at 
rockhead to reduce the d iameter of the 
sha f t to 8m. Both of these e lemen ts were 
des igned a s convent iona l re in forced 
concre te members connec ted to the 
d iaphragm wal l pane l s by re in forc ing bars 
bent out from the main c a g e s . 

Des ign of the tunne l l ining 
T h e pr imary funct ion of the tunnel l ining is 
to reduce to an accep tab le level the f low of 
water into the permanent wo rks . I ts sec 
ondary funct ion is to support the p ipes and 
other s e r v i c e s con ta ined wi th in it. 
T h e f irst s tage in the des ign of the tunnel 
sec t ion (F i g . 8) w a s to def ine the s p a c e 
required wi th in it. In the or ig inal s y s t e m the 
ar rangement of the seawa te r p ipes w a s dic
tated by the method of ins ta l l ing them. The 
managemen t cont rac tor adv ised the des ign 
team that if the p ipes were to be ins ta l led 
wi th in the t ime ava i lab le it w a s essen t i a l 
that they were s t a c k e d ei ther s ide of an 
unres t r ic ted a c c e s s way . 
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F i g . 7 
C o n s t r a i n t s on the locat ion of Sha f t No. 2 
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F i g . 8 
T h e development of the tunnel l ining 
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The b a s i c d imens ions and c h a r a c t e r i s t i c s 
of the s e a w a t e r s y s t e m are a s fo l lows: 

Intake temperature: 28° 

Out fa l l temperature: 34° 

F low rate: 1000 1/sec 

Cool ing capac i t y : 5500 tonne 
refr igerat ion 

S e a w a t e r p ipes: 700mm diameter 
c l a s s K9 duct i le 
iron p ipes wi th 
cement mortar 
l ining. 

S e a w a t e r pumps: Th ree 270 kW 
double volute 
cent r i fuga l pumps 
e a c h del iver ing 
500 l /sec at 350 k P a . 

T h e support of the s e a w a t e r p ipes 
T h e funct ion of the civi l eng ineer ing works 
is to provide s p a c e and support for the pipe
work and plant. The behav iour in se rv i ce of 
the pipework and plant is largely deter
mined by the manner in wh ich it is sup
ported. One of the f i rst e x e r c i s e s to be 
under taken in the des ign w a s the develop
ment of a method of suppor t ing the ver t ica l 
pipe s t a c k s in the two s h a f t s . 
T h e loads ac t ing on the s e a w a t e r p ipes 
or ig inate f rom the m a s s of the p ipes them
s e l v e s and from the th rus t s induced at 
bends and f i t t ings by the wate r p r e s s u r e s 
ac t ing ins ide the p ipes. In th is s y s t e m the 
weight of the pipes is ins ign i f icant in 
compar i son wi th the th rus ts under su rge 
cond i t ions . 

The des ign of the support s y s t e m w a s dict
a ted by ma in tenance p rocedures . The sup
port s y s t e m had to permit any length of 
pipe to be re leased and rep laced without 
a f fec t ing the rest of the s y s t e m . T h e s y s t e m 
wh ich evolved is shown in F ig . 3. T h e ver
t ica l pipe s t a c k s are div ided into d isc re te 
lengths by socke t jo ints immedia te ly above 
e a c h support floor. T h e length of pipe 
beneath the socke t is suppor ted in a s tee l 

co l lar wh ich is in turn car r ied on the s tee l 
f loor beams . Hydrau l i c j a c k s between the 
co l lar and the socke t a l low any length of 
pipe to be moved ver t ica l ly re lat ive to the 
rest of the s y s t e m . To rep lace a fitt ing 
wi th in the s t a c k one would re lease the 
f l anges either s ide of it and then j ack the 
s t a c k a w a y from it, a l lowing it to be 
removed. The new f i t t ing would be inserted 
by the reverse p r o c e s s . 
The ver t ica l f o r ces ac t ing in the pipe s t a c k s 
are car r ied into the s tee l f loor beams 
through the co l lar located immediate ly 
above the point of ac t ion of the force. The 
steel floor b e a m s span be tween re inforced 
concre te wa l ing b e a m s c a s t into the shaf t 
l in ings. I tems of plant s u c h a s pumps and 
surge v e s s e l s are suppor ted on seconda ry 
beams spann ing between the pr imary floor 
beams . 

Wi th in the tunnel the s e a w a t e r p ipes are 
suppor ted on s imp le s tee l f r ames bolted to 
the tunnel l ining (F ig . 4). T h e pipework in 
the tunnel is socke t jo inted at 5.5m inter
va l s and the f r a m e s are s p a c e d to lie 
immediate ly behind e a c h set of s o c k e t s . 
The f rames are t ied together wi th tie rods 
and tu rnbuck les to res is t the longi tudinal 
t h rus ts in the p ipes . 

P lann ing of the underground w o r k s 
The f irst s t age in the p lann ing of an under
ground excava t i on is to unders tand the 
geo log ica l or ig ins of the s t ra ta in wh ich it 
wi l l be built. Cen t ra l Dist r ic t of Hong Kong 
Is land is under la in by Hong Kong Gran i te 
w h i c h fo rms one large in t rus ion cent red in 
the harbour and e x p o s e d in the northern 
part of Hong Kong Is land , Kowloon and 
K w u n Tong. 
T h e tunnel a l ignment l ies below rec la imed 
land within the natura l harbour (F ig . 5). A s a 
result of i ts protect ion from the eros ive 
fo rce of the s e a , the rock in th is a rea is 
over la in by a cons ide rab le t h i c k n e s s of 
complete ly decomposed grani te ( C D G ) , The 
C D G is in turn over la in by recent mar ine 
sed imen ts and rec la im fi l l . In the rec la im fill 
the water table fo l lows the t ide. In the other 
s t ra ta the p iezometr ic leve ls are genera l ly 
at + 1.0 m P D . 

The general level of the tunnel w a s d ic tated 

by two fac to rs . T h e p resence of Cha te r 
S ta t i on , cons t ruc ted through the C D G to 
rockhead and running perpendicu lar to the 
hor izontal a l ignment of the tunnel , pre
c luded the use of a sha l l ow sof t ground 
tunne l . The relat ively short t ime ava i lab le 
for the cons t ruc t ion of the tunnel required 
that it be e x c a v a t e d by s imp le drill and 
b las t techn iques in rock wh ich required 
min ima l pr imary support . 
T h e approx imate ver t ica l a l ignment of the 
tunnel w a s def ined us ing in format ion f rom 
prel iminary s i te inves t iga t ions and geo
log ica l su rveys . When th is had been done a 
f inal s i te invest igat ion w a s car r ied out to 
def ine the prec ise ver t ica l a l ignment and to 
provide the re ference cond i t ions required 
for the management of the civ i l eng ineer ing 
cont rac t . In p lanning the f inal s i te inves
t igat ion the object w a s to obtain su f f i c ien t 
in format ion on rock m a s s qual i ty to a s s e s s 
the need for pr imary support a long the 
length of the tunnel . Seve ra l methods of 
rock m a s s c l a s s i f i c a t i o n were cons ide red 
and that f inal ly se lec ted w a s a s imp le 
s y s t e m based on the degree of weather ing 
of the rock m a s s . T h i s s y s t e m , wh i ch h a s 
been desc r ibed by Rux ton and Berry 
d iv ides the rock m a s s into zones b a s e d on 
its a p p e a r a n c e in e x p o s u r e s and co res and 
on a v i sua l a s s e s s m e n t of i ts engineer ing 
propert ies. 

T h e des ign of the hor izontal a l ignment of 
the tunnel (F ig . 2) w a s relat ively s imple . T h e 
ver t i ca l a l ignment w a s more comp l i ca ted 
and w a s essen t i a l l y an e x e r c i s e in ba lan
c ing severa l incompat ib le fac to rs to 
produce a tunnel wh i ch cou ld be cons t ruc 
ted by convent iona l m e a n s in the t ime ava i l 
ab le . Pe rhaps the s ing le most important 
fac tor w a s that the cont rac tor would have 
a c c e s s only from Sha f t No. 2. To s impl i fy 
ground water control dur ing cons t ruc t ion 
the a l ignment w a s graded towards Sha f t 
No. 2 a l though the gradient w a s l imited by 
the need to be able to operate veh i c les for 
the removal of muck from the excava t i on . 
The level of the tunnel w a s d ic ta ted by the 
pre l iminary support des ign and w a s 
genera l ly set to main ta in a 'cover ' of 6m of 
Zone D grani te over the c rown of the 
excava t i on . 
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A gent le , non-str ident, nat iona l ly appropr ia te entry. T h e d raw ings do not f latter the s c h e m e . P e r h a p s the 
de l i ca te umbre l la s t ruc ture shou ld have been e m p h a s i z e d , or the umbre l l as cou ld have been sepa ra ted a 
l i t t le more rather than jus t bui ld ing up to a d e n s e b lock. Probably the heavy can t i lever f loors cou ld have been 
rep laced by a more s imp le lacy ' s t ruc tu re to con t i nue the t rans ien t cha rac te r . The tent s t ruc tu re 
might not open and shut eas i l y . T h e s c h e m e wou ld m a k e a modes t but d is t inc t i ve and co lour fu l pav i l ion. 
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A busy, f izz ing-wi th- ideas, s c h e m e . It is not of ten that des i gne rs cons ide r s u c h s imp le even ts a s bubb le -wa l l s , s m o k e - s c r e e n s , e tc . 
T h e e x c e l l e n t ini t ial entry w a s better than the f ina l work, w h i c h probably ran into t rouble w h e n the entrant tr ied to m a k e a 
bui ld ing form. He probably shou ld not have a t tempted to do th is , but jus t f i l led severa l more p a g e s wi th jo t t ings and non-bui ld ing 
i deas . Obv ious ly you cannot de l inea te adequa te ly s u c h an intangib le bu i ld ing ' - probably there shou ld have been a dep ic t ion 
of a ' f rozen moment ' . Wit ty and playfu l - every th ing oppos i te to The T a n k ' ; they wou ld m a k e a good comb ined entry. 
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A s t rong eng ineer ing entry looking for s o m e joy and a t t rac t ion - w h i c h shou ld be fo r thcoming, 
a s e s s e n t i a l l y the idea of moving around ins ide tubes ins ide a tank h a s po ten t ia l ! A very in teres t ing 
s tar t ing idea but pe rhaps the publ ic e n c l o s u r e shou ld not have been s o opaque, s o that one wou ld 
know one w a s under water . P e r h a p s the ' tube' shou ld have been moored under the S e i n e . 
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E x c e l l e n t g raph ic p resenta t ion - probably the best entry in th is respec t . T h e eng ineer ing concep t a p p e a r s 
c u m b e r s o m e and unga in ly , but very m u c h to h is credi t the ent rant h a s in the f ina l bui ld ing p roduced 
a n in tegrated p iece of des ign . Overa l l there is too m u c h of a p a c k a g i n g concep t , not very appropr ia te for 
a ma jo r E x p o pav i l ion . T h e bui ld ing cou ld never l ive up to the f a s c i n a t i o n of w a t c h i n g the e rec t ion in 
p r o g r e s s ! The re is s o m e conce rn that the ingenui ty of the erec t ion s y s t e m b e c o m e s 'mute ' once f i n i shed . 
P e r h a p s too the image is not su i tab le for a n exh ib i t ion of seve ra l h igh- tech c o m p a n i e s ; a little too M e c c a n o . 
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The upper half of the sha f t , wh ich h o u s e s 
al l of the plant, is 12m in d iameter and h a s 
an overal l depth of 40m. The top two levels 
in the sha f t are set a s i d e for t rans fo rmers , 
e lec t r i ca l sw i t chgear , vent i lat ion equip
ment and contro l equipment . 
The tunnel (F i g . 2) is the condui t for both 
the f low and return p ipework. In th is c l osed 
loop the requirement for full s tandby 
capac i t y is met through the use of three 
700m d iameter s e a w a t e r p ipes: one f low, 
one return and one spa re pipe wh ich can be 
f low or return. T h e three p ipes are car r ied 

350m a long the tunnel to a point in the 
ground 40m below the basemen t of the 
bui ld ing. The p ipes r ise into the basement 
through Sha f t No. 1. 
The return pipe fo l lows the s a m e route a s 
the f low pipe. At the top of Sha f t No. 2 the 
return p ipes are taken out through the sha f t 
wa l l and are car r ied in t rench to the old 
intake chamber wh i ch served the or iginal 
headquar te rs bui lding. T h e chamber is 
located in the S ta r Ferry c o n c o u r s e and is a 
conc re te box set behind the s e a w a l l . O n c e 
st r ipped of i ts ex is t ing pumps and pipework 

it prov ides a convenient out fa l l chamber . 
The out fa l l p ipes p a s s through the s e a w a l l 
wi th in the chamber and then d i scha rge into 
the s e a below the S ta r Fer ry Pier. 
A c c e s s for ma in tenance is a c r i t i ca l a s p e c t 
of the des ign of the s y s t e m . A c c e s s for 
personne l is by indust r ia l hoist wi th ca t -
ladders provided for emergenc ies . Ver t i ca l 
plant a c c e s s zones are provided in both 
s h a f t s and are connec ted by a hor izonta l 
a c c e s s zone in the tunne l giv ing an unre
s t r i c ted con t inuous s p a c e for the move
ment of plant and equipment . 
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The seawater intake 
system for the new 
headquarters of the 
Hongkong and 
Shanghai Banking 
Corporation 
Arch i tec t : F o s t e r A s s o c i a t e s 

Simon Murray 

Int roduct ion 
The new headquar te rs for the Hongkong 
and S h a n g h a i Bank ing Corpora t ion at 1 
Q u e e n ' s R o a d Cen t ra l , Hong Kong , needs 
no int roduct ion. Much h a s been wri t ten 
about the des ign of the bui lding wh ich wi l l 
rep lace one of Hong K o n g ' s most s igni f i 
cant l andmarks . At the t ime of wr i t ing the 
s t ruc ture h a s r isen a lmos t to the level of the 
sur rounding bui ld ings. 
T h e or ig inal headquar te rs w a s suppl ied 
with s e a w a t e r for both coo l ing and 
f lush ing. T h e s e a w a t e r w a s d rawn from an 
in take chamber built behind the s e a w a l l 
s o m e 400m from the bank. It w a s pumped to 
the s i te through two 400mm m a i n s laid in a 
t rench below the s u r f a c e of S t a t u e Squa re . 
When the t ime c a m e to redevelop the s i te it 
w a s hoped that a s imi la r s y s t e m cou ld be 
developed for the new bui ld ing. 
Ear l y in 1981 the p ro fess iona l t eam, led by 
the a rch i tec t F o s t e r A s s o c i a t e s , began to 
invest igate the feas ib i l i ty of supp ly ing 
s e a w a t e r to the new deve lopment . A var ie ty 
of so lu t ions were appra i sed s tar t ing wi th 
the renovat ion of the ex is t i ng s y s t e m . T h e 
s tudy conc luded that the opt imum solut ion 
w a s to lay the s e a w a t e r m a i n s in a tunnel 
e x c a v a t e d beneath S ta tue S q u a r e and to 

d is t r ibute the cap i ta l cos t of the w o r k s by 
shar ing the s y s t e m with other develop
ments . 
T h e proposal wh ich the arch i tec t put to the 
c l ient in December 1981 w a s to cons t ruc t a 
new in take and pumphouse c l o s e to the 
or ig inal ins ta l la t ion. The s e a w a t e r w a s to 
be car r ied to the new development in s i x 1m 
d iameter p ipes laid in a tunnel e x c a v a t e d at 
an average depth of 60m below S ta tue 
Squa re . The s y s t e m w a s des igned wi th a 
capac i t y of 4000 l /sec of wh ich approxi 
mate ly 3000 l /sec w a s intended for other 
deve lopments . T h e proposal w a s ac c ep ted 
and in J a n u a r y 1982 Ove Arup and Pa r tne rs 
(Hong Kong) were appointed to lead the pro
f ess iona l team in its implementat ion. 
T h e programme for the c o m m i s s i o n i n g of 
the ai r -condi t ioning equipment in the new 
headquar te rs bui lding required that s e a 
water be ava i lab le in Augus t 1984. T h i s 
gave the team a period of only 32 mon ths 
for the des ign , cons t ruc t ion and commis 
s ion ing of the s e a w a t e r s y s t e m . Fa i l u re to 
meet th is programme could de lay the 
opening of the bui lding. 
To reso lve the programme the cons t ruc t i on 
work w a s divided between two c o n t r a c t s . 
T h e f irst cont ract compr i sed the des ign and 
cons t ruc t ion of an a c c e s s sha f t ad jacen t to 
the s e a w a l l . It w a s awarded to B a c h y 
S o l e t a n c h e Group in May 1982 and , wh i le 
it w a s under cons t ruc t ion , the team 
proceeded with the des ign and documen
tat ion of the remainder of the s y s t e m . T h e 
managemen t cont rac tor invited four civi l 
eng ineer ing con t rac to rs to tender for the 
major cont rac t . In November 1982 it w a s 
awa rded to Aoki Cons t ruc t i on C o m p a n y 
L td . who sub-con t rac ted the m e c h a n i c a l 
and e lec t r i ca l wo rks to Haden In ternat ional 
L td . 

Shor t ly af ter the award of the main cont rac t 
it b e c a m e apparent that Hong K o n g ' s 
economy had p a s s e d i ts peak of e x p a n s i o n 
and had entered a dec l ine. T h e subsequen t 
l o s s in con f i dence in the property market 
had se r i ous c o n s e q u e n c e s for the project . 

It led to the w i thdrawa l of the other use rs of 
the s y s t e m who were to have taken 7 5 % of 
i ts capac i t y . Cons t ruc t i on w a s a l ready 
under way and the team car r ied out a swi f t 
eva luat ion of the opt ions ava i lab le to the 
c l ient . T h e cl ient e lec ted to proceed wi th 
the cons t ruc t ion of the full c iv i l eng ineer ing 
works but to insta l l wi th in them a s e a w a t e r 
s y s t e m with only su f f i c ien t capac i t y for the 
new bank headquar te rs . T h e s e a w a t e r pipe
work w a s to be conf ined to one half of the 
tunnel leaving the other half ava i lab le for 
the ins ta l la t ion of p ipework to se rve other 
s i t es a s and when they are deve loped. 
At the t ime of wri t ing the s e a w a t e r s y s t e m 
h a s been redes igned, the c iv i l eng ineer ing 
w o r k s are under cons t ruc t i on and the 
m e c h a n i c a l and e lec t r i ca l equipment is 
being ordered. 
The s e a w a t e r s y s t e m 
T h e a r rangement of the s e a w a t e r s y s t e m is 
s h o w n in out l ine in F i g . 1. A fundamenta l 
pr inc ip le of the des ign is that every p iece of 
plant and pipework in the s y s t e m is 
provided wi th a backup unit. T h i s e n s u r e s 
that the new bank headquar te rs c a n con
t inue to operate under al l cond i t ions . 
S e a w a t e r is d rawn f rom the harbour 
through a forebay unit set in the s e a w a l l . 
T h e water p a s s e s into the in take chamber 
located behind the s e a w a l l and thence into 
the two 900mm diameter in take p ipes w h i c h 
are c a s t into the rear of the chamber . T h i s 
s o m e w h a t e labora te in take des ign is 
n e c e s s a r y to overcome the fac t that at low 
t ide the water depth at the s e a w a l l is l e s s 
than 1m. 
T h e cent re of the s y s t e m is S h a f t No. 2 
wh i ch s e r v e s a s both a pumphouse and a 
m e a n s of a c c e s s to the tunne l . T h e two 
in take p ipes enter the sha f t 7m below 
ground level and turn through 90 degrees to 
form the two in take s t a c k s . T h e three 
ident ica l pump s e t s are connec ted be tween 
the in take s t a c k s and the del ivery s t a c k s at 
three s e p a r a t e f loor leve ls . F r o m the lowest 
level del ivery p ipes cont inue down the sha f t 
and into the tunne l . 

Book review 
Atr ium bui ld ings: 
development and des ign 
R i cha rd S a x o n 
Arch i tec tu ra l P r e s s 1983 

C o m m e n t s on the chap te r on fire sa fe ty 

Margaret Law 
Many people a l ready work or live in 
bui ld ings that overlook a conf ined s p a c e , 
wh i ch may be a l ightwel l . cour tyard , st reet 
or square . Why does p lac ing a roof over the 
s p a c e i nc rease the fire haza rd? A lan Parne l l 
and Gordon Bu tcher , the co-authors of the 
chap te rs on des ign for f ire sa fe ty in R i cha rd 
S a x o n ' s book, exp la in very c lear ly how 
smoke c a n a c c u m u l a t e and fill even a very 
large enc losed void and sp read into any sur
rounding open-s ided accommoda t i on . Many 
so lu t ions — essen t i a l l y a iming to prevent 
s m o k e enter ing the at r ium, or to let it enter 
and vent sa fe l y to the open air — are 
descr ibed in pr inc ip le and i l lust rated by 
c a s e s tud ies . What is es tab l i shed is that f ire 
sa fe ty des ign shou ld not be based on arbit
rary ru les: it must take into accoun t how the 
bui lding is used and the nature of the r i sks . 
Hav ing opened wi th a descr ip t ion of the 
cha l lenge of des ign ing fire sa fe ty for at r ium 
bui ld ings the chapter con t inues wi th a 
survey of the b a s i c pr inc ip les of m e a n s of 
e s c a p e . T h e normal ly a c c e p t e d t ravel 
d i s t a n c e s are quoted but their re levance to 
the type and s ize of s p a c e and the sort of 
people us ing the e s c a p e routes is not men

t ioned, wh i ch is surpr is ing from authors 
who, quite rightly, e m p h a s i z e the impor
tance of des ign accord ing to the cir
c u m s t a n c e s . 
S o m e product ion is care fu l ly descr ibed in 
te rms of air ent ra inment into the plume of 
hot g a s e s produced by a fire and the p h y s i c s 
of hot air movement. The ca lcu la t i on 
methods descr ibed do not take into accoun t 
the ac tua l cons t i tuen ts of the smoke , its tox
icity or v is ibi l i ty, but a s s u m e that any heated 
air is haza rdous and must therefore be con
trol led. 

Most of the d i s c u s s i o n is on smoke contro l , 
but some at tent ion is paid to control of inter
nal f ire sp read . It is pointed out that the r isk 
of floor-to-floor fire spread up the inner face 
of an enc losed atr ium is no di f ferent from 
that at the outer face of any bui lding. It is 
somewha t star t l ing to read that ver t ica l f ire 
sp read is more l ikely if the f loors fac ing the 
a t r ium are g lazed, rather than open. When 
f l ames from a fire on one floor break out into 
the atr ium they wil l tend to curve back to the 
floor above if g laz ing prevents air gett ing 
behind the f lame to project it forward. 
However the g laz ing, wh i le intact , con
s iderab ly reduces the radiat ion t ransmi t ted 
to the interior, and it cannot be a s s u m e d 
that it would a l w a y s be sa fe r to omit it. 
It is a little pess im i s t i c to s a y that no smoke 
control is poss ib le without str ic t and rapid 
f i re-s ize l imitat ion. For examp le , the pro
p o s a l s for cover ing over Bas i l don T o w n 
S q u a r e (see Architects' Journal 1.6.83, 
pp.42-53) are based on the a s s u m p t i o n that 
f ire s ize in a shop or o f f i ce is not l imited and 
g rows exponent ia l ly unti l contro l led by the 

f ire br igade. There are other large s p a c e s — 
ana logous to the covered ra i lway s ta t ion 
wh ich used to be f i l led wi th s t eam eng ines 
— wh ich would a l s o be reasonab ly s a f e for 
e s c a p e at ground level for s o m e t ime after 
the start of a fire even if it did sp read . 

In genera l , th is chapter g ives s teady-s ta te 
so lu t ions , wh i ch are l ikely to be cor rec t for 
the genera l range of a t r ium bui ld ings. 
However , the t rans ient so lu t ion is a l so of 
cons ide rab le interest , s i n c e it t a k e s into 
accoun t the t ime for a fire to grow to a cer
ta in s ize , how soon vis ibi l i ty wou ld be 
impaired and how long it would take to 
evacua te the s p a c e . T h e au tho rs ' smoke 
con t ro l m e t h o d s a s s u m e a sp r ink le r -
contro l led fire, of a probabi l i ty-based des ign 
s i ze . It is equal ly poss ib le to a s s u m e a 
probabi l i ty-based des ign s ize of a non-
spr ink lered fire. 

At present in th is country there is little 
agreement on what s i ze of f ire r isk we 
shou ld be des ign ing for in atr ium bu i ld ings, 
and what m e a s u r e s are appropr ia te to dea l 
wi th it. The only pub l ished code is the U S 
N F P A Code 1981 and, a l though the au thors 
are quite right to point out some of i ts 
de fec ts , we shou ld be work ing towards the 
product ion of a UK des ign guide w h i c h is 
even better. T h i s chapter shou ld cer ta in ly 
s t imu la te a rch i t ec t s and eng ineers to p ress 
for s u c h a guide, and even if that were i ts 
only e f fect it wou ld be va luab le . However , it 
wi l l a l s o be a usefu l tool to conv ince c l i en ts 
both here and o v e r s e a s of the necess i t y for 
good fire sa fe ty des ign , and wil l provide a 
sens ib le b a s i s for d i s c u s s i o n wi th the 
regulatory author i t ies . 
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